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ABSTRACT
ANHYDROUS PROTON CONDUCTING MATERIALS FOR USE IN HIGH
TEMPERATURE POLYMER ELECTROLYTE MEMBRANE FUEL CELLS
SEPTEMBER 2007
RICHARD C. WOUDENBERG Jr. B.Sc, KEENE STATE COLLEGE
M.Sc, UNIVERSITY OF MASSACHUSETTS AMHERST
Ph. D., UNIVERSITY OF MASSACHUSETTS AMHERST
Directed by: Professor E. Bryan Coughlin
Polymers containing tethered benzimidazole revealed that the mitigating factors for proton
conduction are segmental mobility and charge carrier density. In general increased mobility will
result in increased proton conduction especially at temperatures below 160 °C, however,
reductions in charge carrier density (benzimidazole content) to achieve increased mobility
adversely affect proton conduction above 160 °C. Further improvements in proton conduction
were achieved by copolymerization of a benzimidazole acrylate with 2-Acrylamido-2-
methylpropanesulfonic acid, however, ionic crosslinking between sulfate and benzimidazolium
negated any conductivity increases. Additional experiments with benzimidazole were not
pursued due to inherently high Tg values of the resulting polymers.
With the understanding that maximization of mobility and charge carrier density are
necessary, the nature of the heterocycle was investigated. Polymers containing tethered 1,2,3-
triazole were prepared and characterized. While some synthetic difficulties limited the impact,
initial results indicated some improvements in proton conductivity in neat materials and large
improvements in conductivity could be achieved by doping with up to 100 mol% trifluoroacetic
acid (TEA). Additionally, inherently lower Tg materials result when using 1,2,3-triazole in place
of benzimidazole. Improvements in monomer synthesis allowed further probing of 1,2,3-triazole
as a protonic charge carrier, it was revealed that 1,2,3-triazole given equal charge carrier density
vii
and nearly identical values, the use of 1,2,3-triazole as a substitute for benzimidazole results in
materials with reduced conductivity. It was found through X-ray crystal lographic studies and
literature searching that a higher concentration of 1,2,3-triazole is required for productive proton
transport due to tautomeric shifts in 1 ,2,3-triazole.
The effect of charge carrier density and the effect of reduced heterocycle basicity for 1 ,2,3-
triazole was determined by preparing polysiloxanes with tethered 1,2,3-triazole units. The
polysiloxane backbone provided inherently low Tg materials to maximize mobility and allowed
direct comparison with analogous imidazole containing polysiloxanes reported by Meyer. It was
found that increasing weight fraction of triazole results in dramatic conductivity improvements,
the pKa of the heterocycle does not play a significant role in proton conduction, and 1.5 to 2
orders of magnitude conductivity improvements are observed when the system is doped with up
to 100 mol% TFA. Conductivity values of TFA doped siloxanes containing 1,2,3-triazoles are
equal or slightly better than the analogous imidazole materials. The benefits to utilizing 1,2,3-
triazoles are the versatility of synthesis using "click" chemistry and the ability to absorb
equimolar amounts of an external acid, opening the possibility to further conductivity
improvements using alternate low Tg backbones and complex systems utilizing both hydrated and
anhydrous proton conduction domains.
Keywords: anhydrous proton conduction, polymer electrolyte membrane, proton exchange
membrane, proton transport, fuel cells, benzimidazole, 1,2,3-triazole.
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CHAPTER 1
FUEL CELL BACKGROUND AND INTRODUCITON
As the supply of fossil fuels steadily declines, new efficient sources of renewable energy
must be identified to keep up with the worlds increasing power demands. Hydroelectric, solar,
wind, and geothermal are all sources of stationary renewable power that are currently being
utilized to various degrees. However, as the global community becomes increasingly mobile,
there is a need for clean portable power sources to sustain our current standard of living.
Transportation, portable computers, cell phones, and other personal electronic devices will
require power sources which are sustainable and affordable with low environmental impact; in an
attempt to meet these requirements, researchers have increasingly focused on moving fuel cell
technology toward commercial viability. There are major research efforts being undertaken at
academic, governmental, and industrial institutions to address several barriers preventing the
widespread use of fuel cell systems. Presented here is an overview of fuel cells in general
followed by a narrowing of the scope to look specifically at polymer electrolyte membrane fiiel
cells (PEMFC) and the associated hurdles for widespread commercialization, and finally targeted
details and associated benefits of increasing PEMFC operating temperature.
1.1 Fuel Cell Background
Fuel cells and batteries both generate electrical energy via chemical reduction-oxidation
(redox) reactions. These reactions occur at electrodes comprised of an anode and a cathode. The
anode reactions generally take place at a lower potential than the cathode, therefore the terms
negative and positive, respectively, are employed. The anode and cathode in fuel cells are present
only for charge transfer, while the active mass, or fuel, is delivered externally making it an open
system, conversely batteries are closed systems where the anode and cathode act not only as the
charge transfer medium but also as part of the active mass.' While batteries have a finite life
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span, fuel cells will continue to function as long as active mass, or fuel, is fed into the system,
making fiiel cells attractive alternatives in applications requiring on demand power sources. Fuel
cells were mainly intended to displace internal combustion engines, however, more extensive
uses are now targeted to displace batteries in portable electronic devices (i.e. cellular phones and
laptops) and as sources of stationary power. General representations of a battery and a fuel cell
are depicted in figure 1.1.
Battery Fuel Cell
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Figure 1.1. Graphical comparison of a battery and a fuel cell, figure from Winter and Brod.'
Since the development and use of alkaline fuel cells (AFC) for use in spacecraflt in the 1960s the
types of fuel cells have expanded to include polymer electrolyte membrane fuel cells (PEMFC)
direct methanol fuel cells (DMFC), phosphoric acid fuel cells (PAFC), molten carbonate fuel
cells (MCFC), and solid oxide fuel cells (SOFC). A schematic of all types is shown in figure 1.2.
The fuel cell types can be divided into two categories based on operating temperature, low
temperature <200 °C (includes AFC, PEMFC, DMFC, and PAFC) and high temperature > 500
°C (includes MCFC and SOFC). Table 1 . 1 offers a quick comparison of all types of fuel cells,
including structural components, advantages and disadvantages, and potential applications.
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1.1.1 Low temperature fuel cells
Fuel cell operating temperatures span a broad range, from room temperature (RT) up to
-1000 °C, generally, low temperature fuel cells are defined as operating from room temperature
(RT) to -200 °C. One category of low temperature ftiel cells is the alkaline fuel cell (AFC), first
developed more than 30 years ago, it utilizes aqueous KOH as the electrolyte and electrode
separating layer. Both the anode and cathode are composed of platinum impregnated carbon to
catalytically split oxygen at the cathode and combine hydroxide ions with hydrogen to produce
water at the anode. The main applications for AFCs have been the military and space projects,
widespread use of AFCs is limited due to the intolerance of the system to CO2 in the feed gases
and a limited active life.
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Another category of low temperature fuel cells are polymer electrolyte membrane fuel cells
(PEMFC), encompassing direct methanol fuel cells (DMFC), which use a solid polymer
electrolyte to conduct protons and act as the insulating layer. Anode and cathode utilize platinum
impregnated carbon to catalyze the electrode reactions of oxidizing hydrogen (or methanol) at the
anode to generate protons and electrons and react protons with oxygen to produce water at the
cathode. The polymer electrolyte must provide electrical insulation while allowing protons to
pass from anode to cathode. The first polymer electrolyte membrane (PEM) used was sulfonated
polystyrene", since then a variety of sulfonated polymers have been used in PEMFCs with the
best performing material by far being polyfluorosulfonic acids. The more robust nature of the
materials use in PEMFCs have opened the opportunity for applications in vehicular transport,
stationary power sources, and for portable electronic devices (DMFCs). A more detailed
explanation of the irmer working ofPEMFCs is presented in section 1 .2.
Phosphoric acid fiiel cells (PAFC) function much as PEMFCs do, utilizing hydrogen as the
fuel source and platinum impregnated carbon electrodes to provide the same overall net reaction,
however, the electrolyte for proton conduction is phosphoric acid in a SiC matrix. While PAFCs
are commercially available and have high efficiency due to the relatively high operating
temperature ( 1 80-200 °C), the large size and weight of the cell stacks limit their use to stationary
power.
1.1.2 High temperature fuel cells
High temperature fuel cells operate between -600 °C and 1000 °C. Due to the high operating
temperatures, potential applications are generally limited to stationary power sources.'
Functioning at 550-650 °C are molten carbonate fuel cells (MCFC) where the feeds are hydrogen
at the anode and oxygen/carbon dioxide at the cathode. Carbonate ions, catalytically formed at
the cathode, pass through a molten lithium carbonate electrolyte and combine with hydrogen at
5
the anode to form water and carbon dioxide. The electrodes are nickel and/or nickel oxide. Solid
oxide fuel cells (SOFC) utilize yttria/zirconia oxides as the electrolyte to facilitate the transport of
oxide anions from the cathode to the anode, where comination with hydrogen produce water and
carbon dioxide. The electrodes arc composed of a porous cermet of Ni or Co and yttria-zirconia/
Strontia-doped lanthanum-magnetite perovskite. One advantage of the very high operating
temperatures is the flexibility to use a broader range of fiiels beyond hydrogen.
1.2 Polymer Electrolyte Membrane Fuel Cells
1.2.1 Detailed function
A schematic of a PEMFC is shown in figure 1.3, the polymer electrolyte membrane (PEM) is
bonded between two layers of a platinum catalyst supported on porous carbon, one side acting as
the anode and one side acting as the cathode. Hydrogen is fed into the chamber behind the anode
and oxidized to two protons and
two electrons, the protons then
pass through the membrane (as
CROSS SECTION OF POLYMER ELECTROLYTE FUEL CELL
seen in the expanded area) and
the electrons pass through a
circuit to the cathode. The
cathode has a steady feed of O2
(from air) behind it, and four
protons react with O2 and four
electrons to form two H7O at
ANODE: H2 2H*+ 2 ELECTRONS
CATHODE: O2 + 4 ELECTRONS +
4 H*-^ 2 H2O
ANODE
I FEED, H2
GAS DIFFUSION BACKING
the cathode, anode and cathode Figure 1.3. Cross section of a polymer electrolyte membrane
fuel cell, from LANL.
half reactions are displayed in
figure 1.3. The resulting overall reaction results in electrical and heat energy.
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The assembly consisting of a polymer membrane sandwiched between two electrodes and
layers of platinum catalyst is termed a membrane electrode assembly (MEA). The expanded
view in figure 1 . 1 shows the platinum catalyst as red circles, about 2 nm diameter, supported on
carbon particles seen as black circles, about 10 nm in diameter; improvements in the platinum
efficiency or development of alternative catalysts will significantly reduce the cost of the cell and
cell operation.'*' ^ The membrane separating the anode and cathode in figure 1 . 1 is depicted as a
green rectangle. Important properties of the membrane include, high proton exchange rates, good
mechanical and chemical stability in the presence of acidic environments, good temperature
stability, and low reagent diffusion between electrodes. Present membrane technology meets the
outlined criteria, however, the membrane must remain fully hydrated to meet performance
standards, limiting the operating temperature to a maximum of 80 °C due to evaporation of water.
1.2.2 Identified applications
The main application identified for PEMFCs is in fuel cell electric vehicles (FCEV) to
displace the internal combustion engine (ICE), resulting in decreased usage of fossil fuels thereby
lowering the environmental impact of transportation. PEMFCs are much more efficient than the
ICE and models have been developed to calculate the fuel economy and efficiency of a FCEV
showing significant improvements over ICEV with up to 75 miles per gallon gas equivalent
(mpgge).^' ^ It has also been shown that the efficiency drops when "well to wheels" calculations
are performed that take into account hydrogen production, storage, and delivery.** In this case the
conclusion is that battery electric vehicles (BEV) would be more efficient and less costly to
operate than FCEVs, however, it has also been reported that a hybrid vehicle utilizing a fuel cell
system for sustained power generation coupled with a supplemental battery system to assist under
high load situations performs better than either individually.^ Regardless of the final
configuration, the Department of Energy (DOE) has targeted the advancement of FCEVs as the
preferred method of ICEV displacement. To meet this goal, DOE has identified five high priority
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areas of research to advance the hydrogen economy, novel materials for hydrogen storage,
membranes for separation and proton conduction in fuel cells, catalyst design, and solar and bio-
inspired production of hydrogen."* In addition, the three critical path barriers to FCEVs have been
identified as hydrogen storage (a 300 mile range is required), hydrogen cost (target $2-3 per gge),
and fuel cell cost (goal of $30/kW). Specific research areas targeted by DOE for membrane
improvement are high temperature operation, degradation mechanisms, and tailored
nanostructures.^
1.2.3 Challenges to widespread use
While the focus of this body of work will be improvements and research in the area of
polymer electrolyte membranes, all of the challenges facing widespread use of PEMFCs pose
formidable hurdles. Therefore, in the interest of completeness, each material and engineering
issue will be addressed in turn.
1.2.3.1 Hydrogen storage
Storage of hydrogen on board FCEVs poses an engineering challenge due to the intrinsically
low density of hydrogen. As stated above, the DOE required "tank" range of 300 miles must be
met for FCEVs to become commercially viable, there are several technologies and lines of
research striving to meet this demanding goal. Compressed hydrogen and cryogenic systems are
the currently preferred method of vehicle manufacturers,'^ however, compressed hydrogen does
not meet the DOE 2007 target for energy density and cryogenically stored hydrogen is difficult to
manage due to the extremely low temperatures required for liquification. Advances have been
made in metal and chemical hydrides, such that chemical hydrides match or exceed the energy
storage density of compressed hydrogen, but hydrides require tight thermal management to assure
proper recharging, posing a refueling challenge. In addition to the storage density, storage
systems must be cost effective as well, currently none of the storage systems meet DOE cost
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targets, further complicating this akeady challenging issue. Figure 1.4 displays the hydrogen
storage capacity of viable
systems plotted with the
DOE targets through
2015 with the inset
displaying the cost of
each storage system and
DOE cost targets,
representing graphically
the large challenge
hydrogen storage poses
to the commercialization
for FCEVs."
1.2.3.2 Hydrogen production
Equally as challenging as hydrogen storage is production of hydrogen. The current hydrogen
production process is the partial combustion of fossil fuels into water and carbon monoxide
followed by a water-gas shift to obtain hydrogen and carbon dioxide. In moving towards a
hydrogen economy, it is preferable to move away from petroleum based sources of fuel to limit
the amount of carbon dioxide generated and to have a renewable source of hydrogen. To meet
these goals, DOE has developed a hydrogen production strategy that includes the gasification of
coal followed by capture and sequestering of CO2 and reformation of natural gas.^ While these
are not renewable sources, the techniques are seen as a transition strategy to more renewable
sources, and well-to-wheels calculations indicate that the emissions would be less than current
ICE-Hybrid vehicles."^ The second phase of the production strategy looks ahead to nuclear and
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Figure 1.4. Current status of hydrogen storage sytem capacity and
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renewable sources, including nuclear'^ and solar thermal production, bio and bio-inspired
production,'^ and solar/photoelectrochemical production.''*
1.2.3.3 Catalyst efficiency
The reactions at the electrodes in PEMFCs are catalyticaly driven by platinum embedded in
porous carbon (as outlined in section 1.2.1). While platinum functions adequately, the cost of the
catalyst represents more than half of the fuel cell stack, therefore, significant cost reduction can
be achieved by decreasing the amount of platinum required or replacing it with a more cost
effective catalyst or combination of catalysts. Many research efforts are focused on finding
alternative metal catalysts to replace platinum, however, to date there has not been any produced
that function as efficiently as platinum, therefore, significant platinum reduction has been targeted
2 2
by DOE. Current loading levels of 0.8 mg/cm need to be reduced to 0.1 mg/cm to meet DOE
cost requirements.^ Increased operating temperature of the cell results in increases in catalytic
efficiency and increased tolerance to CO present in reformed hydrogen feed gases. '^ Therefore,
operating PEMFCs at temperatures above 120 °C can lead to reduced platinum loadings and thus
significant reduction in fuel cell cost.
1.2.3.4 Proton conducting membranes
As mentioned above, improvements in catalyst efficiency can be achieved through increased
operating temperature of the cell, however, current membrane technology is limited to a ceiling
temperature of approximately 80 °C. At temperatures above 100 °C the proton exchange
membranes begin to dry out resulting in dramatic conductivity losses. Therefore, high
temperature membranes, able to operate at 1 20 °C - 200 °C, are one of the targeted research areas
for membrane improvement by DOE. The focus of this dissertation will be the development of
proton exchange membranes for high temperature operation, thus the remainder of this chapter
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will be devoted to reviewing polymer electrolyte membranes. The many benefits of high
temperature operation will be outlined in section 1 .4 providing the background and motivation for
the research presented in subsequent chapters.
1.3 Polymer Electrolyte Membrane Technology
1.3.1 Poiyfluorosulfonic Acid (PFSA) Membranes
The membrane in the fuel cell functions as a proton conductor, electrical insulator, and fuel
barrier. Present standards for membranes are poiyfluorosulfonic acids (PFSAs) (Nafion®, etc.)
consisting of a fluorinated backbone containing fluorosulfonic acid side groups. Since their
introduction as proton exchange membranes in 1966, PFSAs have been used in PEMFCs almost
exclusively; long lifetimes, good mechanical properties, and high proton conduction have all
made PFSAs the standard against which other PEMs are measured, typical proton conductivity of
10"'- 10"' S/cm are obtained in the fully hydrated state. However, several areas require
improvement before long term widespread use of PEMFCs can come to fruition. The PFSA
membranes must remain in a highly hydrated state to maintain adequate levels of proton
conduction, this requires complex hydration systems that add cost and bulk to the fiiel cell
system. It also limits the upper operating /p \
efficiency and maintain proton conduction.
temperature to approximately 80 °C, leaving
the system unable to reach maximum catalyst
prohibitive to commercialization, although it
In addition, current cost of these materials is Nafion 117 m>l, n=2, x=5-13.5, y=1000
Flemion m=0 or 1, n=l-5, y=1000
Aciplex m=0 or 3, n=2-5, x=1.5-14, y=1000
Dow Mem m=0, n=2, x=3.6-10, y=1000
has been reported that as production of PFSA Scheme 1.1: General structure of
commercially available poiyfluorosulfonic
acids.increases the cost will eventually be
acceptable as economies of scale are
realized.
16
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PFSAs have been extensively studied and many commercial versions are available with
slightly altered repeat units (scheme 1.1), three common membranes are Nafion® 115, 117, and
120, which have dry thickness values of 125, 175, and 260 ^im respectively.^ All PFSA
membranes are reported to have excellent chemical and thermal stability, high ionic conductivity,
and good mechanical integrity.'^ However, more recently there have been reports of PFSA
degradation due to crossover of feed gases, resulting in the generation of fluoride and subsequent
decreases in membrane thickness."^' When hydrated, PFSAs reside in a phase-segregated state
that facilitates proton transport via vehicular transport and proton hopping within hydrated areas;
dry PFSA membranes have very low proton conduction.^" In the hydrated state PFSA's reside in
a two phase morphology consisting of water channels supported by the fluorosulfonic acid side
chains surrounded by a fluoropolymer continuous phase that imparts structural integrity. The
water channels facilitate good proton conduction, however, other problems such as
electroosmotic drag and back diffusion of water created at the cathode result in the formation of a
water concentration gradient in the membrane. The water requirement also limits the operating
temperature to a maximum of 80 °C; heat generated during operation becomes increasingly
difficult to remove as the fuel cell stack size increases, necessitating a large radiator system also
resulting in increased cost. Additionally, hydrogen and oxygen diffusion in PEMFCs and
methanol crossover in DMFCs compromises cell function and efficiency."'
As seen in scheme 1.1, PFSAs have two structural features, a hydrophobic perfluorinated
backbone and sulfonated hydrophilic side chains that comprise about 15% of the polymer. When
the membranes are hydrated, the first water molecules migrate to the hydrophilic regions where
irreversible deprotonation of the sulfonate groups occur," additional water migrates in and
creates pores or clusters around the sulfonate-hydronium ion pair. Structural stability to the
ion/water clusters and RfS03" sites is provided by the perfluorinated backbone, thus making
hydrated PFSAs a two-phase network of water containing clusters surrounded by a perfluorinated
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continuous phase."' The clusters can grow up to 4 nm in diameter, and proton conductivity
begins when the membrane reaches the percolation threshold and increases with the amount of
absorbed water beyond this point.^° This has been the historically accepted explanation of Nafion
microstructure, however, recent studies of Nafion using small angle X-ray scattering and solid
state NMR techniques by Schmidt-Rohr have called the cluster and channel model into
question.'^' '" Figure 1.5 shows the Gierke model of Nafion® morphology'^ with water cluster
and connectivity dimensions defined, whereas figure 1 .6 graphically represents phase transitions
in Nafion as hydration levels are altered."^^
In addition to transporting protons, the
^
s^onm
^
described morphology also allows
methanol to diffuse through the water rich
clusters in DMFCs, it has been proposed
that altering the morphology can limit the
amount of methanol crossover without
effecting the proton transport."^
Proton transport in fully hydrated
Figure 1.5. Gierke model of water swollen
Nafion®.'-^
Nafion® is about 4 times slower than in pure water at 25 °C, however, increasing the temperature
to 80 °C results in a four fold improvement. At low temperatures, the side chains are curled up
around the water clusters. Raising the temperature results in the side chains becoming more
stretched out, allowing for the clusters to become more channel-like, resulting in more favorable
proton transport conditions.'^ This illustrates the need for Nafion® to operate at elevated
temperatures and the role phase separation plays in successful and efficient proton transport.
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Figure 1.6. Phase transitions in Nafion as a function of water swelling and dehydration, courtesy
ofGebel.-'
1.3.2 Sulfonated Hydrocarbon Polymers
Although there are deficiencies in PFSA membranes, there has not been a suitable
commercial replacement introduced, however, research efforts to reduce membrane cost and fuel
crossover has lead to the preparation of a variety of sulfonated hydrocarbon polymers, including
engineering plastics such as poly (ether ether ketone), polysulfones, and polyetherimides that
appear to function comparably PFSAs. Several reviews have been published outlining the
breadth of work done in preparing sulfonated hydrocarbon polymers either through post
polymerization sulfonation or polymerization of sufonated monomers.^'
The most extensively studied material has been sulfonated poly (ether ether ketone) (s-
PEEK), prepared by post polymerization sulfonation. Sulfonated-PEEK (scheme 1.2 structure 3)
shows strong interaction between the sulfonate groups and the absorbed water, which results in
good proton conduction (up to 10"' S/cm) over a large temperature range, however, as in PFSAs,
the proton conductivity displays strong dependence on hydration level and conductivity begins to
drop near 100 °C.^° The fiinction of s-PEEK is thought to be the same as in PFSAs with phase
separated hydrophilic proton conducting chaimels surrounded by a hydrophobic non-conducting
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continuous phase, however, the microstructure does differ. Kreuer reported a proton transfer
comparison of fully hydrated Nafion® and fully hydrated sulfonated poly (ether ether ketone
ketone) at 65% sulfonation (s-PEEKK).^' In s-PEEKK, the same phase separation phenomenon
occurs, however, it is less pronounced. Two explanations are offered, the less hydrophobic
backbone is not as prone to large areas of phase separation, and s-PEEKK is much more rigid
than Nafion®, the overall effect is narrower hydrophilic channels that are highly branched and
semi-continuous. The described morphology was confirmed by small angle X-ray scattering
experiments. A comparison of hydrated Nafion® and s-PEEKK nanostructure is shown in figure
1.7.
The success of s-PEEK and its derivatives to mimic the performance of PFSAs has led to
extensive research to expand the breadth of knowledge in this area while attempting to push the
membrane operating
temperatures above 100 °C.
Sulfonation of many
polymers containing
aromatic units in the
backbone and side chain has
been accomplished, yielding
similar results to s-PEEK,
several examples are shown
in scheme 1.2."^ Examples
of materials that maintain
proton conductivity above 100 °C are alkyl sulfonated polybenzimidazole (10"^ S/cm), scheme
1.2 structure 7, and highly sulfonated polyphenylenesulfide (s-PPS) (10"' S/cm), scheme 1.2
structure 10; s-PPS displays proton conduction up to 180 °C as long as relative humidity levels
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are maintained above 90%. Lastly, there have been efforts to synthesize custom poly (arylenc
ethers) using a sulfonated monomer with various comonomers to achieve proton conductivity
above 100 °C at low relative humidities.^""^^
saH
10
Scheme 1.2. Chemical structures of sulfonated hydrocarbon polymers: 1, sulfonated polystyrene; 2,
poly(benzylsulfonic acid siloxane); 3, sulfonated PEEK; 4, sulfonated PPBP; 5, sulfonated PSF; 6,
sulfonated PSF; 7, sulfonated PBI; 8, sulfonated poly(phenylquinoxalines); 9, sulfonated poly(2,6-
diphenyl-4-phenylene oxide); 10, sulfonated PPS.^^
In all of the systems mentioned above, increased degree of sulfonation results in conductivity
increases, however, there is a limitation. As sulfonation reaches approximately 70% membrane
swelling occurs resulting in poor mechanical properties, especially at high temperatures, and in
some cases membranes become water soluble."** An interesting way to address this problem is to
prepare block copolymer structures where one block is hydrophobic and imparts structural
integrity and the other block could be highly sulfonated to impart high proton conductivity.
These types of polymers have been investigated by Sumner et al}^ where one block contains a
fluorinated repeat unit and the second block contains sulfonated diphenyl sulfone units prepared
by step growth polymerization methods. While phase segregation was confirmed by small angle
x-ray scattering and atomic force microscopy, well defined block copolymers, and hence, targeted
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morphologies are not accessible via step growth polymerization due to the uncontrolled nature of
the process. A more complete investigation into block copolymer morphologies and the
potential benefits on membrane properties can be achieved by utilizing living chain growth
polymerization methods such as anionic and living free radical.
1.3.3 Alternative materials
1.3.3.1 Sulfonated materials
1.3.3.l.lPoIy(benzimidazole)s and Imidazole Spacers
Use of poly(benzimidazole) (PBI) as a membrane in PEMFCs has been reported. Attaching
sulfonated alkyl chains (PBI-AS) to the available nitrogen in the imide creates a thermally stable
proton conducting polymer.^ Propane and butane sulfonate groups have been prepared, a general
structure is shown in scheme 1.3. Rikukawa^ provides an overview of PBIs as membranes. It is
reported that PBI-AS is thermally stable up to 450 °C in an inert atmosphere, and only slightly
lower than that in air, but aryl sulfonated PBIs are stable only up to 280 ° C.
The lower thermal stability of the aryl sulfonated ( (f^ ^Y^—ir''^***i^\
PBIs is dictated by the desulfonation of the aryl (CH2)n {ch )n
/ 7SO3H SO3H
substituents. However, PBI-AS is stable to a higher
^^^^^^^ ^ ^ Poly(benzimidazole) alkyl
sulfonate (PBI-AS).
temp due to the stronger alkyl-S03H bond and begins
to decompose by the cleavage of the side chains.
Water uptake in PBI-propane sulfonate and PBI-butane sulfonate at -75% sulfonation and
90% RH is 11.3 and 19.5 H.O /SO3H respectively. The values are higher for PBI-BS due to
higher mobility of the side chains resulting in more space for absorbed water. The absorbed
water is tightly bound to the SO3" groups, resulting in good conductivity even above 100 °C.
Conductivity in the 10'"^ S/cm range are maintained above 100 °C.^ The nature of proton transport
in these systems is not fully understood.
17
1.3.3.1.2 Sulfonated Poly(phthalazinone)s
Gao et al}^ reported on the use of sulfonated poly(phthalazinone)s (s-PP) as membranes for
PEFCs. The unsulfonated polymer is known to have excellent chemical resistance with a Tg >
260 °C. A general structure for s-PP is shown in scheme rf''^
1.4. The linker, X, can be a ketone or sulfone giving
poly(phthalazinone ether ketone) (s-PPEK) or
poly(phthalazinone ether sulfone) (s-PPES). Degree of
Scheme 1.4. General structure for
sulfonation (DS) was kept below 1 .6 (sulfonates per repeat poly(phthalazinone)s.
unit), at higher sulfonation levels the polymers became
water soluble, making them poor candidates for PEFCs. DS values ranged from 0.97 to 1 .26. At
80 °C water uptake did not display a dependence on DS, a maximum value of 152% was
achieved for s-PPES with DS = 0.97. Proton conductivity for all membranes tested were at, or
above 10"' S/cm between 30 °C and 100 °C. A slight drop in conductivity above 80 °C was
observed for all membranes, but the higher DS resulted in a smaller conductivity loss. Final
results indicated that s-PPEKs displayed the best properties for use in PEFCs.
1.3.3.2 Polyphosphazines
Polyphosphazines are a unique category of inorganic polymers. Poly(dichlorophosphazine) is
synthesized as the base polymer, and subsequent substitution of the chlorine leads to broad array
of side group potential. Attaching ethyleneoxy side chains onto polyphosphazines proved to be
useful for ion conduction in the presence of lithium triflate.^^ The extreme flexibility of the
polyphosphazine backbone coupled with the flexible polar ethylene oxide chains leads to efficient
ion shuttling. The leap to investigate polyphosphazines as potential membranes for PEFCs is not
a big one.
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Polyphosphazines have been modified to contain sulfonic acid functional side groups for
potential use in PEMFCs/^ More recently, phenyl phosphonic acid functionalized
poly(aryloxyphosphazines) (scheme 1.5) have been
synthesized for potential use in DMFCs. Allcock
I I I
reports proton conductivity in the range of 5x10
"^^^o ^^^o '''^^o
S/cm in membranes containing 14 H2O Vsy^'^^f'fcy
o /O ^ /O
/Phosphonic acid. This is about five times better 1
I I
Me Me Me
than sulfonated polyphosphazines and approaching
the proton conductivity of Nafion® . Although the ^^^^^1 phosphonic acid
functionalized poly(aryloxyphosphazine)
.
phosphonic acid groups are weak acids, the high
conductivity is attributed to the concentration of phosphonic acids tethered to the polymer
backbone, which is higher than both sulfonated polyphosphazine and Nafion®. No mention is
made of conductivity as a function of temperature. In addition to the proton conductivity, the
methanol permeability is reported to be about 12 times lower than Nafion® and 6 times lower
than sulfonated polyphosphazine at 21 °C and 80 °C. This in particular makes phosphonated
polyphosphazines attractive for use in DMFCs.
1.3.3.3 Acid-Base Complexes
Reported acid-base polymer complexes include 1) basic polymers complexed with small
molecule inorganic acids and 2) the complexing of acid polymers with basic polymers. Examples
of 1 include Polybenzimidazole (PBI)/H3P04 blend (more details in section 1.4),
Poly(silamine)(PSA)/H3P04 blend, and PEI, PEO, PAAM, and PVA blended with H2SO4 or
H3P04.^ Examples of 2 include sulfonated poly(ether sulfone) or s-PEEK blended with PBI, PEI,
poly(4-vinylpyridine), or ortho aminated poly(ether sulfone).'^
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Proton conductivity of polymer/strong acid blends are good in the hydrated and dehydrated
states, however, poor thermal stability has limited their use, the exception being PBI/H3PO4. The
other exception in PSA/H3PO4, Rikukawa and Sanui found that these complexes were thermally
stable up to 200 °C.^ Above 200 °C weight loss occurred due to the transformation of
orthophosphoric acid to pyrophosphoric acid. The reported proton conductivity of PSA/H3PO4
with 0.8 H3PO4 groups per repeat unit is 10 S/cm.
1.3.3.4 Copolymers
Radiation grafted FEP-g-Polystyrene has been prepared and evaluated as a potential
membrane by Scherer.'"' The radiation grafting of polystyrene (PS) onto FEP results in a
perfluorinated backbone with side chains that can be sulfonated in a controlled manner.
Therefore, the structural properties of Nafion® are retained while the cost of the membrane is
educed due to nearly that of PS. Membranes prepared from FEP-g-PS were compared to
Nafion® 1 17, although proton conductivity was not reported, current densities were. The current
density of all FEP-g-PS membranes was lower than that of Nafion® Nafion® 117. An
explanation for the difference was that surface properties of FEP-g-PS were different than those
of Nafion®, thereby indicating that an understanding of the bulk and surface properties of a
membrane is needed to understand the performance. In addition to the lower current density of
FEP-g-PS, long term stability was reported to be poor due to loss of the grafted PS. Oxidative
attack on the a-carbon of styrene by HO2 radicals was labeled as the primary cause. Using a-
substituted polymers such as poly(a-methyl styrene) was postulated as a potential solution.
Proton conductivity of sulfonated-hydrogenated poly(butadiene-styrene) (s-HPBS) block
copolymers and s-HPBS blended with polypropylene (PP) was reported by Acosta."" s-HPBS
alone displayed poor dimensional stability, but blends of s-HPBS and PP showed greatly
improved properties. Membranes of s-HPBS-blend-?? displayed the characteristic behavior of
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increased proton conductivity with increased hydration, but there was also a dependence on PP
content. A maximum conductivity value of 4x10'^ S/cm was reported for 70% s-HPBS/30% PP
with 48% hydration at 50 °C.
Elabd et al.'*~ report on sulfonated poly(styrene-b-isobutylene-b-styrene) (s-SIBS) for use in a
DMFC. Methanol permeability was reported to be more than an order of magnitude less than
Nafion® 117, however, proton conductivity was significantly lower. Much of the article focuses
on the morphology of the membranes and transport according to the percolation theory. Proton
transport and methanol permeability are strongly dependent on the morphology of the hydrated
membrane. Phase separation of ion-rich hydrophilic domains from the hydrophobic domains in
Nafion® result in the formation of ion clusters and at high hydration levels eventually channels
that allow protons to pass or percolate through the membrane. This is depicted in figure 1 .8.
(a; 'hi U)
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Figure 1.8. Illustration depicting a phase-segregated system, where the minority phase (1) is
interspersed within the majority phase (2) (shaded region), (a) All of the minority phase is
isolated (I); (b) the minority phase contains both parts that are isolated (I) and accessible (A);
(c) all of the minority phase is accessible (A). Transport occurs through the interconnected
accessible pathways.''"
Percolation values were calculated for s-SIBS and found to suggest a more ordered structure than
Nafion® and other membranes. Additionally, the low methanol permeability is believed to be
due to the low methanol solubility in polyisobutylene. Even with the lower proton conductivity s-
SIBS membranes allow for a more efficient DMFC due to the reduced methanol cross over.
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1.3.3.5 Polymer Composite Membranes
In hopes of reducing the dependence of proton conductivity on absorbed water in Nafion®, a
number of composite materials have been fabricated and evaluated for use in PEFCs. It has been
demonstrated that incorporation of highly dispersed metal oxide particles such as SiOi and TiOi
into Nafion® improves performance in PEMFCs.'*^ The particles are hygrosopic and tend to
hold water more strongly than the sulfonate groups in PEMFC membranes, allowing the
membranes to operate at elevated temperatures with less water loss than neat Nafion®. The
composites can be fabricated by solution casting of Nafion® with metal colloids or by a sol-gel
mechanism. Several composites have been prepared using sol-gel, silicon oxide, zirconium
oxide, mixed silicon-titanium oxides, and mixed silicon-aluminum oxides."*^ Other Nafion®
composites evaluated as membranes include phosphotungstic acid, silicotungstic acid, zirconium
phosphate, and tungsten peroxo complexes.'^ Baradie et al!^'^ report the use of sulfonated
polysulfone filled with phosphonatoantiminoic acid.
1.3.4 Summary
Presented above is a general overview of PEMFC function and membrane materials. It is by
no means exhaustive in its scope, but provides a good base overview of current issues and
materials being investigated in PEMFCs. The major challenges to wide spread fuel cell adoption
are the prohibitive cost of perfluorinated ionomeric membranes and the inability of membranes to
operate at temperatures much above 80 °C due to water loss. Higher temperature operation of
PEMFCs is important to increase the efficiency of the catalyst at the anode and cathode, reduce
catalyst poisoning by impurities in the fuel feed, and to increase the rate of proton diffusion
across the membrane. Therefore, the need for an electrolyte membrane that has high proton
conductivity well above 100 °C with minimal fuel cross over is highly desirable. The materials
overviewed in section 1.3 are presented as alternatives to Nafion®, however, operation much
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above 100 °C is not possible due to the necessary presence of water within the membrane.
Increased PEMFC operating temperature and anhydrous proton transport are covered in section
1.4.
1.4 PEMFC operating temperature
Up to this point, state of the art PEM technology based on PFSA and sulfonated hydrocarbon
polymers has been presented, and the need for high temperature operation has been indicated, but
not fully explained. In this section we will present the arguments for, and the benefits of, high
temperature PEMFC operation will be presented, followed by a review of technology for
producing PEMs that can operate at 120 to 200 °C.
1.4.1 Why High Temperature?
As mentioned in section 1.2.2, a specific goal of the DOE Hydrogen Program is to reduce the
fabrication and operation cost of fuel cells to $30/kW to assure that FCEVs can be cost
competitive with ICEVs. A fully operational fuel cell system for use in a FCEV contains a stack
of membrane electrode assemblies (MEA), gas feed chambers to deliver hydrogen and air, a
humdification system to maintain high RH in the feed gases, a water management system to
assure uniform membrane hydration in the stack, and a large radiator to remove excess heat
generated by the stack. ^ Use of a membrane that can operate at higher temperatures under
significantly reduced RH, or anhydrous conditions, would help to simplify or eliminate the
complex water management system and allow a reduction in the size of the radiator system,
resuhing in reduced cost and weight of the entire system. Platinum catalyst in the electrodes adds
significant cost to the MEA, therefore, reduction in the quantity of platinum required to operate
the cell by introduction of alternative catalysts or improvements in platinum efficiency will result
in significant cost savings. As the operating temperature increases above 1 00 °C, the kinetics of
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both anode and cathode reactions arc much faster allowing for a reduction in the platinum
loading. Additionally, poisoning by carbon monoxide (CO), present in reformed, hydrogen is
reduced substantially; at 80 °C CO tolerance is 20 ppm, but increases to 1000 ppm at 130 °C and
30000 ppm at 200 "C."*^ Therefore, platinum levels can be reduced when operating at elevated
temperatures resulting in reduced MEA cost.
While it is evident that proton conductivity in PFSA membranes is adequate for PEMFC
function at current operating temperatures, the upper limit due to hydration requirements is
hindering advancements in cost reduction and cell performance. Therefore, it is highly desirable
to fabricate PEMs that will function at 120 to 200 °C and efforts are underway by several
research groups to develop high temperature proton conduction under low RH or anhydrous
conditions.
1.4.2 Polybenzimidazole-Phosphoric Acid Membranes
In the molten state, neat phosphoric acid is a viscous liquid with extended intermolecular
hydrogen bonding similar to water, but, unlike water there are more possible donor than acceptor
sites on each molecule. Subsequently, phosphoric acid displays high levels of self-dissociation
with a low diffusion coefficient of phosphate species and high proton mobility, making
phosphoric acid a nearly ideal proton conductor."^ For this reason use of phosphoric acid in
proton conducting membranes through complexation with a basic polymer has been explored,
with polybenzimidazole (PBI) and its derivatives providing the best results to date, 10 " S/cm up
to 200 °C. Membranes are prepared through a complex imbibing process resulting in up to 5
molecules of phosphoric acid per repeat unit,"^ however, simpler processes are being developed to
allow this technology to be moved forward toward commercialization."^ '*^
Polybenzimidazole-phosphoric acid (PBI-PA) membranes display proton conduction at
temperatures up to 200 °C under anhydrous conditions, and although water is not required, some
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level of humidity is advantageous; water helps prevent the condensation of phosphoric acid at
temperatures above 100 °C and can further increase proton conductivity .''^ The proton transport
mechanism in these systems is not yet fully understood, but it is thought to be similar to proton
conduction in pure phosphoric acid since it has been shown that interactions with PBI have little
effect on conduction; as the amount of imbibed PA increases, the conductivity approaches that of
pure PA."^ Although PBI-PA membranes do meet the high temperature requirement there
remains three issues, migration of free phosphoric acid to the cathode resulting in over-potentials,
acid loss due to diffusion and evaporation, and, as mentioned above, membrane fabrication is
tedious. Despite the problems, PlugPower in New York is undertaking commercialization of
PBI-PA membranes utilizing a simplified membrane fabrication process established at Renssalear
Polytechnic Institute. Preparation of fuel cell stacks and workable fuel cell systems will
necessarily require an acid management system to minimize losses and prevent contamination of
other system components. In general, PBI-PA membranes are being targeted for stationary power
applications where controlled start-up and cool-down protocols help prevent acid leaching and
phosphoric acid condensation.
While the PBI-PA systems are well characterized and poised for commercialization, further
improvements to the system are continuously being pursued. The synthesis and thermal
characterization of poly(ether benzimidazole)s has been reported by Berrada et al.'^^ Although the
work focused on improving the processability of BPIs, the addition of ester linkages into the
backbone affords the polymers more /^^\^N N---.^^^ \
proton transport properties of PBI. A Scheme 1.6. General structure of Poly(ether
benzimidazoles).
general structure of poly(ether
benzimidazole)s is shown in scheme 1.6. Schecter and Savinell theorized that addition of
imidazoles and other heterocycles would improve proton conduction,'*^ however, their results
indicate that no improvement is seen. Conversely, Meyer reports that the use of heterocycles
flexibility which could potentially improve
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(imidazole, benzimidazole, pyrazole) in sulfonated membranes does lead to high proton
conductivity in the absence of water.^"
1.4.3 Heterocyclic Based Proton Conductors
Proton conductivity in liquid imidazole has been investigated due to the amphoteric character
of the molecule, with fair proton conductivity (10"^ S/cm) reported as early as 1970.^' The search
for materials similar to water for use in fuel cells, the amphoteric character, low barrier hydrogen
bonding, and size of imidazole, led Kreuer to begin investigation into proton conduction via
heterocyclic materials.^" Imidazole and some derivatives have been incorporated into PFSAs as
direct replacements for water with good conductivity
^ /X © JL
retained up to 200 °C, Sun reports on the use of \J^^ hnqnh OCOCF3 n^nchs
imidazole and imidazolium salt solutions in place of ^ a ^ pi
water.^^ This seems to expand on the use of imidazole
Scheme 1.7. Imidazoles and salts used
and benzimidazole ftmctionality to transport protons to swell Nafion® by Sun.^^
via the Grotthuss mechanism. The compounds used
are shown in scheme 1.7. Nafion® swollen with the above compounds displayed proton
conductivity in the range of 10"^ S/cm.
Membranes cast from a Nafion®/imidazole solution displayed conductivity abour one order
of magnitude lower than water swollen Nafion® at a given temperature, however, temperatures
up to 200 °C were accessable where conductivity between 10"^ and 10"' S/cm were achieveable.^"
While the outlined results display the utility of amphoteric heterocycles, volatility of the
heterocycle at high temperatures requires immobilization within the polymer membrane.'^
According to mechanistic studies,^^" immobilization of heterocyclic groups must be
accomplished such that the mobility of the protonic charge carriers is guaranteed. First attempts
at immobilization were accomplished by preparing ethylene oxide oligomers with imidazole^^ and
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benzimidazole tethered onto either end; results were encouraging with observed proton
conductivity of 10"'* S/cm reported for both systems. Enhancement of conductivity in the
imidazole-EO system (up to 10"^ S/cm) was accomplished by introduction of up to 16 mol%
triflic acid. The proposed architecture of oligomer-tethered imidazoles is displayed in figure 1
.9,
the high flexibility and mobility allow the imidazole protonic charge carriers to participate in
long-range hydrogen bonding and fast rearrangement after proton transfer. The need for
flexibility of the imidazole is demonstrated by observed increases in proton conductivity, as the
ethylene oxide spacer size increases.
Figure 1.9. Proposed architecture ofEO immobilized imidazole.
Further advancement of this concept has been accomplished by tethering heterocycles onto
polymers creating fully polymeric proton conducting systems. Scheme 1.8a shows a polystyrene
derivative with tethered imidazole moieties; although this material could not be fabricated into a
membrane due to poor solubility, conductivity on the bulk material produced respectable (lO
''
S/cm) results. In the same paper benzimidazole was tethered to a polysiloxane network
prepared via the sol-gel process, scheme 1.8b, proton conductivity was an order of magnitude
lower (10"^ S/cm) than the polystyrene derivative.
The high degree of flexibility necessary for proton structural diffusion via heterocyclic
protogenic groups and the influence of acid doping have been investigated further. Meyer
reported an extensive study of the aforementioned imidazole terminated oligomers with varying
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spacer lengths." They concluded that a low glass transition temperature is crucial for high proton
conductivity, even more so than the density of imidazole protogenic groups, and conformational
rearrangements accompanying proton jumps is suggested to be the rate limiting step in the
conduction process. Addition of acids to the system was shown to increase proton conductivity
by nearly two orders of magnitude, resulting in a recommended doping level of 2-10 mol%.
Persson and Jannasch^" explored the effect of Tg and concentration of protogenic groups by
preparing a series of polysiloxanes with tethered benzimidazole moieties (scheme 1.8c), it was
demonstrated that flexibility decreased and Tg increased with increasing benzimidazole
concentration. At low temperatures (60 °C) Tg was the most decisive parameter for proton
conductivity, while at high temperatures (140 °C) benzimidazole concentration was a more
important contributor. Copolymers of vinyl imidazole and vinyl phosphonic acid (scheme 1 .8d)
have been prepared^'
to investigate polymers
with tethered
imidazole and tethered
acid moieties. Low
proton conductivity
(10"' S/cm) was
reported, presumably Scheme 1.8. Polymeric proton conductors based on heterocycles.
due to some ionic
crosslinking and the single carbon tether length severely limiting the protogenic group flexibility.
Finally, Kerr and coworkers^^ have begun investigation into tether length optimization by varying
the imidazole tether (scheme 1.8e). Initial studies of these model materials indicate that
conductivity loss due to imidazole immobilization is low and that addition of
fluoroalkylsulfonamides as a source of acidic protons resulted in conductivity increases.
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1.4.4 Summary
PBI-PA and heterocyclic proton conduction systems presented in this chapter offer routes to
high temperature proton conductivity at low RH or anhydrous conditions, further details can be
found in a review of anhydrous proton conducting polymers published in 2003.'^ A comparison
of the two clearly indicate that PBI-PA PEM systems have been advanced much further than
polymer tethered heterocyclic systems, with PBI-PA' s nearing commercialization. However, the
promising results obtained using tethered heterocycles warrants further exploration to gain a
better understanding of parameters that influence proton conduction, including polymeric
structure and the influence of modified protonic charge carriers.
1.5 Outline of the dissertation
This thesis will cover the influence of polymer architecture on the conductivity of
benzimidazole containing polymers and the use of alternate heterocycles containing increased
nitrogen content. In chapter 2 the influence of polymer backbone type on conductivity is
explored through the preparation and characterization of polymers containing tethered
benzimidazole moieties. Expansion of the structural influence is accomplished by introducing
flexible poly(ethylene glycol) (PEG) side chains to explore the influence of further reduction in
glass transition temperature. Investigation of internally doped polymers through the introduction
of an acidic co-monomer into the polymerization feed is accomplished. Chapter 3 reports on the
search for a usefiil heterocycle containing increased nitrogen content and synthesis and
characterization of acrylate polymers and copolymers containing tethered 1,2,3-triazoles.
Styrenic polymers containing 1,2,3-triazoles are explored as a means of providing a thermally
stabile backbone and a potential route to block copolymer structures in chapter 4. Polysiloxanes
with tethered 1,2,3-triazoles are explored in chapter 5, investigation into the influence of triazole
mass fraction on conductivity begins to be defined and structural integrity to the low Tg materials
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is imparted through structural reinforcement of crosslinking. Finally, in chapter 6 potential future
directions are outlined.
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CHAPTER 2
POLYMERS WITH TETHERED BENZIMIDAZOLE UNITS
As discussed in chapter 1
,
intrinsically conducting polymers for use in PEMFCs at elevated
temperatures have been reported, however, the range of materials explored is limited.''^ The goal
of the experiments outlined in this chapter is to gain a better fundamental understanding of
anhydrous proton conducting polymers with tethered heterocyclic protonic charge carriers by
exploring the effects of Tg and internal acid doping. The glass transition effect is the topic of
sections 2.2. and 2.3, with backbone structural effects covered in section 2.2 and targeted Tg
reduction using poly(ethylene glycol) (PEG) side chains covered in section 2.3. Internal acid
doping of the benzimidazole side groups is explored in section 2.4 where copolymers with a
sulfonic acid containing monomer are prepared and characterized.
2.1 Experimental
2.1.1 Materials
2,2,2-Trichloroethylchloroformate, Acryloyl chloride, Methacryloyl chloride, 5-Norbomene-
2-carboxylic acid, Dicyclohexylcarbodiimide, Dimethylaminopyridine, 2-acrylamido-2-
methylpropanesulfonic acid and Grubbs second generation catalyst were received from Aldrich
Chemical and used without further purification. Poly(ethylene glycol) methyl ether acrylate (Mn,
454 g/mol) was received from Aldrich Chemical and passed through basic alumina to remove
added inhibitors prior to polymerization. 2,2'-Azobis(2-methylpropionitrile) was received from
Aldrich Chemical and recrystallized from methanol prior to use. Triethylamine was received
from Aldrich chemical and dried over molecular sieves. Solvents were received from VWR
International and used without further purification.
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2.1.2 Instrumentation
'H (300 MHz) and '^C NMR (75 MHz) spectra were obtained on a Bruker DPX-300 NMR
Spectrometer. Gel permeation chromatography (GPC) was performed with a Polymer Lab LC
1120 high-performance liquid chromatography pump equipped with a Waters differential
refractometer detector. The mobile phase was dimethylformamide with a flow rate of 1.0
mL/min. Molecular weights were calculated vs. narrow molecular weight poly(methyl
methacrylate) standards. Electrochemical impedance data was obtained using a Solartron 1287
potentiostat/1252A frequency response analyzer in the 0.1 Hz - 300 kHz range. Glass transition
temperatures were obtained by differential scanning calorimetry (DSC) using either a TA
Instruments Dupont DSC 2910 or a Perkin Ekner Diamond DSC at a heating rate of 10 °C/min
from under a flow of nitrogen (50 mL/min). Thermogravimetric analysis (TGA) was performed
using a Perkin Elmer Pyris 1 TGA with nitrogen flow of 20 mL/min. Fourier transform IR
(FTIR) spectra were obtained with a Bruker IPS 66v/S, samples were prepared in a diamond ATR
and scans performed under vacuum.
2.1.3 AC impedance
Polymer conductivity (a) was determined using ac impedance methods, a detailed description
of the method, how it is applied to polymer electrolytes, and circuit models used to obtain the
data presented can be found in Appendix A. The ac impedance measurements were performed
under vacuum to assure an anhydrous environment. Polymers were sandwiched between two
blocking electrodes followed by application of 100 mV at alternating current from 3x10^ Hz to
1x10"' Hz. Polymers with low Tg values (below 20 °C) were difficult to handle in membrane
form, therefore these materials were pressed between the electrodes. Sample thickness was
determined by the difference in length of the electrodes before and after sample loading.
Resistance values were taken at the minimum imaginary response in a Z' versus Z" plot to
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determine conductivity in the low frequency limit. Samples were heated to 200 °C and ac
impedance data was obtained as a function of temperature upon cooling.
2.2 Structural effects
Studies using imidazole and benzimidazole as the proton conducting groups have revealed
that their proton conductivity depends on the local mobility of the heterocycles in the polymer
films and the effective concentration of mobile protons within the membranes."*"^ Investigation
into the local mobility of polymer tethered benzimidazole by Persson and Jannasch indicate that
the effect is much more pronounced at low to moderate temperatures, while heterocycle
concentration plays a dominant role at higher temperatures.** However, these two effects are at
odds; while increasing the mol% of benzimidazole units results in increased high temperature
conductivity, there is a subsequent increase in polymer Tg, resulting in dramatically decreased
conductivity at low temperatures. Although target operating temperatures of future generation
PEMFCs is greater than 100 °C, the membrane must have high enough conductivity at low
temperatures for initial start-up, therefore, further investigation into structural effects on proton
conduction is necessary.
2.2.1 Monomer synthesis
2.2.1.1 Hydroxyalkylbenziraidazoles
As a starting point for these investigations, benzimidazole was chosen as the heterocycle due
to synthetic ease. Hydroxyalkybenzimidazoles can be prepared in one step via the ring-opening
of lactones with o-phenylenediamine as
depicted in Scheme 2.1.' The products
"=-5.3 1 n=3(82%)
1 and 2 were obtained using 2n=5(58%)
butyrolactone and caprolactone Scheme 2.1. Synthesis of hydroxyalkylbenzimidazoles
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respectively. Selective protection at the benzimidazole NH leaves the primary alcohol as an
attachment site for polymerizable functionality.
Preparation of 5-(lH-benzimidazol-2-yl)-propan-l-ol (1). A mixture of y-Butyrolactone
(8.69 g, 0.1 mol), 1 ,2-Phenylenediamine (9.73 g, 0.09 mol), and p-Toluene sulfonic acid (0.03 g,
1 .6 mmol) was heated in a 100 mL round bottom flask under nitrogen atmosphere to 200 °C with
constant agitation. The reaction mixture was allowed to stir at 200 °C for 2 hours, then removed
from heat and poured into a beaker. Isopropyl alcohol (50 mL) was slowly added under constant
agitation followed by activated carbon and heated to reflux. The solution was filtered, then
diluted with acetonitrile (500 mL). A white crystalline solid formed upon cooling. The solid was
filtered, washed with cold acetonitrile and recrystallized from isopropyl alcohol (50 mL) and
acetonitrile (500 mL) to afford fme white crystals of 1 (12.96 g, 81.7% yield). Melting point 165-
167 °C. 'H-NMR (DMS0-d6) 5 1.91 (2H, q), 2.84 (2H, t), 3.48 (2H, t), 4.4-4.9 (IH, s), 7.10 (2H,
m), 7.44 (2H, m), 11.9-12.4 (IH, s). '^C-NMR (DMSO-da) 6 25.3, 30.8, 60.2, 121.0, 155.1.
Mass spectrum w/z 176.1 (12, M+«), 145.1 (32), 132.1 (100).
Preparation of 5-(1H-benzimidazol-2-yl)-pentan-l-ol (2). A mixture of e-Caprolactone (11.
4
g, 0.1 mol), 1 ,2-Phenylenediamine (9.70 g, 0.09 mol), and p-Toluene sulfonic acid (0.3g, 1.6
mmol) was heated in a 100 mL round bottom flask under nitrogen atmosphere to 200 °C with
constant agitation. The reaction mixture was allowed to stir at 200 °C for 2 hours, then removed
from heat and poured into a beaker. Isopropyl alcohol (50 mL) was slowly added under constant
agitation followed by activated carbon and heated to reflux. The solution was filtered, then
diluted with acetonitrile (500 mL). A white crystalline solid formed upon cooling. The solid was
filtered, washed with cold acetonitrile and recrystallized from isopropyl alcohol (50 mL) and
acetonitrile (500 mL) to afford fine white crystals of 2 (10.6g, 57.8% yield). Melting point 143-
145 °C. 'H-NMR (DMS0-d6) 5 1.29-1.39 (2H, q), 1.41-1.51 (2H, q), 1.71-1.81 (2H, q), 2.79
(2H, t), 3.38 (2H, t), 4.37 (IH, s) 7.11 (2H, m), 7.44 (2H, m), 12.14 (IH, s). '^C-NMR (DMSO-
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dft) 6 25.3, 27.5, 28.6, 32.3, 60.6, 121.0, 155.2. Mass spectrum m/z 204.8 (100, M+«), 154.1
(10), 132 (13), 78.5 (3).
I.IA.I N-protection of hydroxyalkylbenzimidazoles
Selective N-protection of 1 with benzyl bromide was reported by Indusegaram et al.^
subsequently, we prepared N-benzyl 2 according to the reported method (Scheme 2.2). However,
debenzylation by common hydrogenolysis methods such as pressurized Ht with Pd/C and
catalytic transfer hydrogenationfailed, consistent with literature reports for N-benzyl aromatic
heterocycles."^" " Several alternate debenzylation methods have been reported, however, these
reaction conditions are either incompatible or experimentally inconvenient. Deaton-Rewolinski
reports on the use of potassium tert-butoxide/DMSO and oxygen to afford clean debenzylation of
aromatic heterocycles.''^ The method is tolerant to many functional groups, but not esters, making
this method impractical in our case. Rao and Pandey reported a mild N-debenzylation procedure
using sodium in liquid ammonia with t-BuOH at -78 °C that is tolerant to ester functionality,'^
however, use of liquid ammonia for synthesis on a 5-10 g scale is not attractive. Finally there are
reports of substituting a more labile protecting group for the N-benzyl. Cava reports displacing
the N-benzyl to a 2,2,2-trichloroethoxycarbonyl (Troc) and deprotecting with Zn/Acetic acid,'"*
and Campbell et al. report substituting with (3-trimethylsilylethyl chloroformate (Teoc) then
deprotecting with tetra-n-butylammonium fluoride in THF.'^
HO.
K2CO3, CH3CN
reflux, 1 .5 h
HO.
H
1
Scheme 2.2. Preparation of N-benzyl hydroxy 1 benzimidazoles
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Preparation of 5-(l-Benzyl-benzimidazol-2-yl)-pentan-l-ol (3). To a suspension of 2
(1.163g, 5.7 mmol) and Potassium Carbonate (1.5 g, 1 1.3 mmol) in acetonitrile (15 mL), Benzyl
bromide (0.7 mL, 6.2 mmol) was added dropwise under constant agitation. The mixture was
heated to reflux for 1.5 hours and the reaction terminated by addition of water (40 mL). The
product was extracted into dicloromethane (3 x 30 mL) and the combined organic layers were
dried over magnesium sulfate and filtered. Solvent was removed under reduced pressure to give
the crude product. Purification was performed by flash chromatography using ethyl
acetate/methanol (9/1) to give 5-(l-Benzyl-benzimidazol-2-yl)-pentan-l-ol (57.7% yield). 'H-
NMR (DMSO-dfi) 6 1.28-1.45 (4H, m), 1.71 (2H, quin), 2.82 (2H, t), 3.36 (2H, t), 4.36 (IH, t),
5.48 (2H, s), 7.06-7.60 (9H, m). '^C-NMR (DMSO-dfe) 5 25.48, 26.63, 27.49, 32.22, 47.03,
62.28, 109.65, 119.32, 122.30, 122.59, 126.30, 128.09, 129.18, 135.47, 136.11, 142.46, 155.36.
Rather than performing a two-step debenzylation, it was decided to investigate a direct route
to N-Troc hydroxyalkylbenzimidazoles. The Troc group can be removed under relatively mild
conditions and is stable to acidic environments.'^ Additionally, it has been reported that Troc can
be used to selectively protect primary alcohols in the presence of secondary alcohols,'^ exploiting
the nucleophilicity difference of the two alcohols. Following this vein, N-Troc protected
hydroxyalkylbenzimidazoles 4 and 5 were obtained in good yield by reacting 1 and 2 directly
with 2,2,2-Trichloroethylchloroformate (Troc-Cl) at 0 °C in the presence of potassium carbonate
as an acid scavenger (scheme 2.3). The more nucleophilic benzimidazole amine reacts
preferentially, resulting in the N-troc protected material when the stoichiometric ratio of Troc-Cl
to amine is close to 1 : 1 and the Troc-Cl concentration is kept at a minimum during the reaction.
An excess of Troc-Cl greater than 2-3 mol% can result in formation of some doubly protected
material, and addition of Troc-Cl too quickly results in a mixture of N-, 0-, and doubly protected
materials.
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1 n=3
2n=5
H
OH
+
CI
O
O CCI3
K2CO3, 0 °c
OH
CCI3
Scheme 2.3. Preparation of N-troc protected hydroxyalkylbenzimidazoles
Preparation of 5-(l-[2,2,2-trichloroethyl formyl]-benzimidazol-2-yJ)-propan-l-ol (4). To a
slurry of 1 (1.0 g, 5.68 mmol) and potassium carbonate (1.5 g, 1 1.3 mmol) in methylene chloride
(25 mL) at 0 °C in a nitrogen purged flask, 2,2,2-trichloroethylchloroformate (0.780 mL, 5.79
mmol) was added dropwise under constant agitation. Reaction progress was monitored by TLC.
The reaction was halted by the addition of isopropyl alcohol (20 mL) to dissolve the product,
followed by addition of water (50 mL). The product was extracted with methylene chloride (3 x
30 mL), the combined organic layers were dried over magnesium sulfate, and fihered. Solvent
was removed in vacuo to give the crude product. Purification was performed by flash
chromatography in ethyl acetate to give 4 (1.645 g, 82.4% yield). 'H-NMR (CDCI3) 6 2.22 (2H,
quin), 3.43 (2H, t), 3.83(2H, t), 5.14 (2H, s), 7.37-7.41 (2H, m), 7.70-7.73 (IH, m), 8.08-8.11
(lH,m). '^C-NMR (CDCI3) 5 28.7, 29.7, 62.3, 76.5, 93.8, 115.3, 119.7, 125.3, 132.6, 142.3,
149.2, 156.8. Mass spectrum m/z 350.0 (10, M+«), 306.0 (100), 271.0 (10), 203 (18), 145.1 (62),
131.0 (91), 90.0 (25).
Preparation of 5-(l-[2,2,2-trichloroethyl formyl]-benzimidazol-2-yl)-pentan-l-ol (5). To a
slurry of 2 (3.0 g, 14.7 mmol) and potassium carbonate (4.5 g, 33.9 mmol) in acetonitrile (75 mL)
at 0 °C in a nitrogen purged flask, 2,2,2-trichloroethylchloroformate (2.05 mL, 14.99 mmol) was
added drop wise under constant agitation. Reaction progress was monitored by TLC. After 20
minutes the reaction was halted by the addition of cold water (160 mL) under constant agitation,
after 15 minutes the resulting off white solid was filtered and dried in vacuo to give the crude
product. Purification was performed by flash chromatography in ethyl acetate to give 5 (5.03 g.
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90.2% yield). 'H-NMR (CDCl,) 5 1.55 (2H, m), 1.68 (2H, m), 1.97 (2H, quin), 3.28 (2H, t), 3.72
(2H, t), 5.13 (2H, s), 7.35-7.38 (2H, m), 7.71-7.75 (IH, m), 8.08-8.1 1 (lH,m). '^C-NMR (CDCI3)
5 25.5, 26.6, 31.3, 32.4, 62.6, 76.5, 94.0, 115.3, 1 19.9, 125.1, 132.7, 142.2, 149.2, 156.8. Mass
spectrum m/z 378.9 (100, M+«), 305.7 (15), 204.7 (23), 186.7 (18), 132.1 (37), 78.0 (5), 70.2 (4).
2.2.1.3 Acrylate monomer synthesis
Benzimidazole functional acryiates were prepared by reaction of acryloyl chloride with 4 and
5 in dichloromethane using triethylamine as an acid scavenger followed by N-troc removal,
resulting in monomers 6 and 7 in good yield (Scheme 2.4). Although the reagents in both cases
are identical, it was found in preparing 6 that the order of addition was critical to obtaining the
desired product. The benzimidazole acrylate 6 was prepared by reaction of 4 with acryloyl
chloride in dichloromethane,
O
followed by neutralization with ^<^^n oh ^' Ci'"'^^'^^
f J^~^n 2. Triethylamine ^^'^V'V.^^^^^
triethylamine. After removal \ ^ ^-^i^n " ^
/^O 3. 0.01 M NaOH/MeOH H
of the reaction solvent under ^CCla ^ \ n=3 (68%)
4 n=3 7 n=5 (73%)
5n=5
reduced pressure, the N-troc
Scheme 2.4. Preparation of benzimidazole functional acryiates
was rapidly removed in the
presence of basic methanol. Whereas, benzimidazole acrylate 7 was prepared by reacting 5 with
acryloyl chloride in the presence of triethylamine in dichloromethane, followed by N-troc
removal.
Preparation of 5-(lH-benzimidazol-2-yl)-propan-l -acrylate (6). To a slurry of 4 (1.0 g, 2.85
mmol) in methylene chloride (10 mL) at 0 °C in a nitrogen purged flask, acryloyl chloride (323
|iL, 3.98 mmol) was added dropwise under constant agitation. After 10 minutes, triethylamine
(609 |iL, 4.38 mmol) was added dropwise under constant agitation and the slurry formed a clear
pale yellow solution. The reaction mixture was checked by TLC (Ethyl acetate/Hexanes 1/1) and
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halted by the addition of water (40 mL at pH 12, K2CO3). The product was extracted with
methylene chloride (5 x 30 mL), the combined organic layers were dried over magnesium sulfate,
and filtered. Solvent was removed in vacuo to give a yellow oil followed by addition of 0.01 M
NaOH/MeOH (40 mL) under constant agitation. After one minute the reaction was checked by
TLC (Ethyl acetate) to confirm N-troc removal. The reaction was halted by the addition of brine
(30 mL) and water (lOmL). The product was extracted with methylene chloride (5 x 50 mL), the
combined organic layers dried over magnesium sulfate, and filtered. Solvent was removed in
vacuo to give the crude product. Purification was performed by flash chromatography in ethyl
acetate to give 6 (451 mg, 68.8% yield). 'H-NMR (DMSO-ds) 6 2.13 (2H, quin), 2.89 (2H, t),
4.20 (2H, t), 5.90 (IH, d), 6.14 (IH, m), 6.28 (IH, d), 7.10 (2H, m), 7.39 (IH, m), 7.50 (IH, m),
12.2 (IH, s). '^C-NMR (CDCI3) 5 25.4, 27.4, 63.3, 114.6, 122.7, 127.9, 131.3, 137.6, 153.7,
166.5. Mass spectrum m/z 230.1 (30, M+»), 175.1 (22), 145.1 (100), 132.1 (65), 69.1 (17).
Preparation of 5-(lH-benzimidazol-2-yJ)-pentan-l-acrylate. (7). To a solution of 5 (3.0 g,
7.92 mmol) in methylene chloride (30 mL) in a nitrogen purged flask was added triethylamine
(1.68 mL, 12.12 mmol). After the reaction vessel was cooled to 0 °C, acryloyl chloride (900 jiL,
1 1 .04 mmol) was added dropwise under constant agitation. Reaction progress was monitored by
TLC (Ethyl acetate/Hexanes 1/1). After 20 minutes the reaction was halted by addition of water
(100 mL at pH 12, K2CO3). The product was extracted with methylene chloride (4 x 90 mL),
dried over magnesium sulfate, and filtered. Solvent was removed in vacuo to give a yellow oil
followed by addition of 0.01 M NaOH/MeOH (120 mL) under constant agitation. After one
minute the reaction was checked by TLC (EtAc) to confirm troc deprotection. The reaction was
halted by the addition of water (50 mL) and brine (50 mL). The product was extracted with
methylene chloride (5 X 50 mL), the combined organic layers dried over magnesium sulfate, and
filtered. Solvent was removed under reduced pressure to give the crude product. Purification
was performed by flash chromatography using ethyl acetate to give 7 (1.49 g, 73% yield). 'H-
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NMR (CDCI3) 6 1.50-1.53 (2H, q), 1.67-1.76 (2H, q), 1.88-1.99 (2H, q), 2.99 (2H, t), 4.13 (2H,
t), 4.18 (IH, s), 5.8 (IH, d), 6.11 (IH, m), 6.36 (IH, d), 7.24-7.33 (2H, m), 7.56-7.59 (2H, m).
'C-NMR(CDCl3) 5 25.7, 27.9, 28.4, 29.3, 64.4, 114.7, 122.4, 128.6, 131.0, 138.5, 155.1, 166.6.
Mass spectrum m/z 259.0 (100, M+«), 202.7 (9), 186.7 (25), 144.9 (21), 132.1 (38), 74.1 (26),
52.6(11).
2.2.1.3.1 Side reactions
It was found that under basic conditions, 6 undergoes an internal rearrangement from N-troc
to 0-troc, 8, presumably through a seven membered cyclic intermediate. Subsequent addition of
acryloyl chloride forms the benzimidazole acrylamide 9. Upon addition of basic methanol, the
acrylamide is cleaved and the 0-troc is transformed into the methyl carbonate 10 (scheme 2.5).'^
This type of rearrangement is not observed for 7, most likely due to the five methylene spacer
between the benzimidazole and the alcohol resulting in a nine membered cyclic intermediate
which is not as favorable as the seven membered intermediate. This rearrangement expands the
utility of the protection scheme by allowing selective protection of either the benzimidazole
amine or the alcohol in hydroxypropylbenzimidazoles through an intramolecular rearrangement.
0-Troc is not cleaved to the parent alcohol by basic methanol, but there are several methods
reported that demonstrate clean removal of troc-protected alcohols.'^ Additionally, the N-Troc to
0-Troc rearrangement was found to occur catalytically with triethylamine and
dimethylaminopyridine, and with an equimolar amount of potassium carbonate, however, only
minimal conversion was observed in the presence of pyridine.
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Scheme 2.5. Transformation of N-Troc hydroxypropylbenzimidazole to 5-(lH-
benzimidazol-2-yl)-propylmethyl carbonate.
N-Troc to 0-Troc transformation procedure. Transformations were performed in
scintillation vials with 6 (50 mg, 0.143 mmol) in methylene chloride (500 |iL). Bases added were
triethylamine (1.0 |iL, 0.0097 mmol). Potassium carbonate (19.7 mg, 0.143 mmol), pyridine (1 1.6
|aL, 0.0143 mmol), and dimethylaminopyridine (1.75 mg, 0.0143 mmol). Agitation commenced
for 18 hours, and complete transformation to 8 was confirmed by 'H-NMR with all bases except
pyridine which displayed only minimal conversion.
Spectral data for 8. 'H-NMR (DMSO-ds) 5 2.17 (2H, quin), 2.91 (2H, t), 4.31 (2H, t), 4.92
(2H, s), 7.10 (2H, d), 7.41 (IH, m), 7.51 (IH, m), 12.22 (IH, s). '^C-NMR (DMSO-dg) 5 24.7,
26.3, 68.2, 76.0, 94.8, 153.4, 154.0. Mass spectrum m/z 350.0 (15, M+«), 246.9 (15), 132.1 (100),
92 (9).
Spectral datafor 9. 'H-NMR (CDCI3) 5 2.39 (2H, quin), 3.31 (2H, t), 4.44 (2H, t), 6.20 (IH,
dd), 6.72 (IH, dd), 6.99 (IH, m), 7.33 (2H, m), 7.55 (IH, m), 7.65 (IH, m). '^C-NMR (CDCI3) 5
26.3, 27.1, 68.5, 76.8, 94.5, 113.5, 120.2, 124.4, 130.3, 132.4, 134.2, 142.7, 154.0, 155.3, 164.9.
Mass spectrum m/z 406.0 (5, M+«), 213.1 (37), 186.1 (85), 158.1 (100), 132.1 (55), 55.1 (75).
Spectral datafor 10. 'H-NMR (DMSO-de) 5 2.15 (2H, quin), 2.90 (2H, t), 3.69 (3H, s), 4.20
(2H, t), 7.11 (2H, m), 7.40 (IH, m), 7.52 (IH, m), 12.2 (IH, s). '^C-NMR (CDCI3) 5 25.5, 27.5,
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55.2, 67.0, 114.9, 122.9, 138.0, 153.5, 156.2. Mass spectrum m/z 234.1 (36, M+«), 218.1 (13),
159.1 (29), 132.1 (100), 77.0(8).
2.2.1.4 Additional benzimidazole monomer synthesis
It has been reported that mobility and conductivity are adversely affected as tether length to
the heterocycle is decreased in similar polymer systems.' Therefore, the decision was made to
keep tether length constant and additional monomers for the study were prepared only from 5.
This allows for a direct comparison of backbone types with the resulting conductivity. A
methacrylate functional
o
monomer, 11 was prepared J^^-^ I
i.
CI 7^,TEA,DCM
^
fV-y^oy^
by reaction of methacryloyl |PyV^°^ jj. o.oi m NaOH/MeOH ^ °
5 lOmin, RT 11(85%)
chloride with 5 followed by o K
k i.HO^''-^^,DCC,DMAP rr^V^OV^^^^^
N-troc removal in basic 5 ^^'3 [I J. / II
ii. 0.01 M NaOH/MeOH
^^^^h
1 min, RT l^fSO"/ ^
methanol and a norbomene ^
r- ^- , Scheme 2.6. Preparation of methacrylate and norbomene
functional monomer was _ • , , . . , .
mnctional benzimidazoles
prepared by coupling 5-
norbomene-2-carboxylic acid with 5 via DCC/DMAP followed by N-troc removal in basic
methanol to give 12 (scheme 2.6).
Preparation of5-(lH-benzimidazol-2-yl)-pentan-l-methacrylate (11). To a solution of 7 (6.0
g, 15.84 mmol) in methylene chloride (30 mL) in a nitrogen purged flask was added triethylamine
(3.36 mL, 24.24 mmol). After the reaction vessel was cooled to 0 °C, methacryloyl chloride (3.6
mL, 22.08 mmol) was added drop wise under constant agitation. Reaction progress was
monitored by TLC (Ethyl acetate/Hexanes 1/1). After 40 minutes the reaction was halted by
addition of water (200 mL at pH 12, K2CO3). The product was extracted with methylene chloride
(5 X 100 mL), dried over magnesium sulfate, and filtered. Solvent was removed in vacuo to give a
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yellow oil followed by addition of 0.01 M NaOH/MeOH (300 rtiL) under constant agitation. The
reaction was checked by TLC (EtAc) to confirm N-troc removal. The reaction was halted after
10 min by the addition of water (100 mL) and brine (100 mL). The product was extracted with
methylene chloride (5 x 100 mL), the combined organic layers dried over magnesium sulfate, and
filtered. Solvent was removed under reduced pressure to give the crude product. Purification
was performed by flash chromatography using ethyl acetate to give 11. (3.6403 g, 84% yield).
'H-NMR (DMS0-d6) 8 1.40 (2H, quin), 1.68 (2H, quin), 1.79 (2H, m), 1.85 (3H, s), 2.80 (2H, t),
4.09 (2H, t), 5.63 (IH, m), 5.98 (IH, m), 7.09 (2H, m), 7.38 (IH, m), 7.48 (IH, m), 12.13 (IH, s).
'^C-NMR (DMSO-dfi) 5 17.95, 25.01, 27.11, 27.77, 28.36, 64.08, 120.99, 125.46, 135.96,
154.91, 166.53. Mass spectrum m/z 272.15 (25, NT'), 203 (25), 187.1 (60), 132 (100).
Preparation of Norbornene-[2-(5-(lH-benzimidazol-2-yl)-pentoxycarbonyl)] (12). To a
solution of 7 (2.845 g, 7.5 mmol) and 5-norbomene-2-carboxylic acid (1.036 g, 7.5 mmol) in
dichloromethane (15 mL dried over molecular sieves) in a 25 mL nitrogen purged flask was
added a catalytic amount of dimethylaminopyridine (91.5 mg, 0.75 mmol). After agitating for 10
min, a 0.5 M solution of dicyclohexylcarbodiimide (15 mL, 1.545 g, 7.5 mmol) was added drop
wise under constant agitation. The reaction was ended after 60 minutes by the addition of 150
mL dichloromethane followed by filtration of the precipitate and removal of solvent under
reduced pressure to give the crude product. 0.01 M NaOH in Methanol (90 mL) was added to the
flask and agitated for one minute. TLC performed in ethyl acetate indicated the consumption of
all starting material. The reaction mixture was poured into a separatory funnel containing water
(50 mL) and brine (50 mL) and shaken. The product was extracted with methylene chloride (4 x
100 mL), the combined organic layers dried over magnesium sulfate, and filtered. Solvent was
removed under reduced pressure to give the crude product. Purification was performed by flash
chromatography using ethyl acetate to give 12 (1.916 g, 78.8% yield). 'H-NMR (DMSO-de) 5
1.24 (3H, m), 1.36 (2H, m), 1.58 (2H, quin), 1.78 (2H, m), 2.80 (3H, m), 2.95 (IH, m), 3.05 (IH,
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s), 3.98 (2H, m), 5.83 (0.8H, m), 6.10 (1.2H, m), 7.10 (2H, m), 7.38 (IH, m), 7.48 (IH, m), 12.10
( 1 H, s). "C-NMR (CDCl.,) 5 25.01 , 27.11, 27.89, 28.38, 28.69, 29.90, 41 .02, 41 .91 , 42.49, 45. 1 1
,
45.91, 49.07, 63.44, 63.78, 120.99, 132.38, 135.67, 137.51, 137.76, 154.93, 173.72, 175.20.
Mass spectrum m/z 324.2 (35, M**), 224.2 (15), 187.1 (75), 145.1 (45), 132.1 (100), 56.0 (30).
2.2.2 Polymerization
Free radical polymerization of 7 and 11 using AIBN as the initiator were performed in
septum capped scintillation vials under nitrogen at 70 °C in benzene for 10-30 min. The resulting
viscous solutions were diluted with DMF and the polymer precipitated in excess ethyl acetate,
giving the polymers B5A and B5MA in good yield (79 % and 81 % respectively). Molecular
weight data determined by GPC (DMF/0.01 M LiCl mobile phase) was obtained for both
polymers with B5A giving a Mn of 328,000 g/mol (Mw/Mn = 2.44) and B5MA giving a Mn of
184,000 g/mol (Mw/Mn - 2.37).
Polymerization of 12 was
accomplished by ring-opening
metathesis polymerization (ROMP)
performed in dichloromethane using
Grubbs 2 catalyst at 100:1 monomer
to catalyst ratio, affording B5NB in
good yield (89 %). Molecular
weight determination by GPC
indicated a Mn of 107,000 g/mol
and Mw/Mn = 1.57. The three polymers are shown in scheme 2.7.
2mol%AIBN ° ? H
Benzene
" O 2mol%AIBN (L^[J
^ Benzene >
11 N-.^ \ B5MA{81%)
""^
^'-^y B5NB(89%)
Scheme 2.7. Polymerization of benzimidazole functional
monomers
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General procedure for acrylate and methacrylate polymerization. Polymerization of 5-(lH-
benzimidazol-2-yl)-pentan- 1 -aerylate (B5A) and 5-(lH-benzimidazol-2-yl)-pentan-l-
methacrylate (B5MA) were performed in benzene at 70 °C, monomer concentration at 2.0 M and
AIBN at 0.08 M (4 mol%). To a 20 mL scintillation vial equipped with a stir bar and septum,
monomer and AIBN were added and purged with nitrogen for 10 min. Benzene (pre-purged with
nitrogen for 10 min) was transferred to the reaction vial via a nitrogen purged gas tight syringe.
The vial was heated to 70 °C with constant agitation until the solution vitrified (10-30 min). The
reaction vial was removed from heat, diluted the solution with DMF, then poured into excess
ethyl acetate to precipitate the polymer. The precipitated polymer was removed from the solvent
and dried under vacuum (B5A, 79%, B5MA 81%). For B5MA an Mn of 185,000 with a PDI of
2.4 was determined by GPC using DMF (0.01 M LiCl) against PMMA standards.
Polymerization of Norbornene-[2-(5-(lH-benzimidazol-2-yl)-pentoxycarbonyl)] . Ring-
opening metathesis polymerization (ROMP) of Norbomene-[2-(5-(lH-benzimidazol-2-yl)-
pentoxycarbonyl)] (B5Nb) was performed using Grubbs' 2"'' Generation catalyst. A monomer to
catalyst ratio of 100:1 was used in dichloromethane at room temperature for 1 hour. In a drybox,
monomer (1000 mg) and dichloromethane (5.0 mL) were combined in a scintillation vial
equipped with a stir bar and septum cap, and a solution of Grubbs 's 2"'' Generation catalyst in
dichloromethane was prepared (0.014 M). The sealed septum vial and 2.2 mL of catalyst solution
in a syringe were removed from the drybox. The catalyst solution was injected into the reaction
vial under vigorous agitation. After 1 hour, excess ethyl vinyl ether was added and agitation
continued for 30 min. The polymer was dissolved in dimethylformamide, precipitated in excess
ethyl acetate, and dried in vacuo to give a light brown solid (893.8 mg, 89.4%). Molecular
weight determination by GPC indicated a Mn of 107,000 g/mol and M^/Mn = 1.57.
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Three polymer backbones were chosen to produce a range of Tg's, poly(acrylate) materials
for a low Tg (cf. poly(ethylacrylate) Tg = -25°C)''^ unsaturated polynorbomene by ring-opening
metathesis polymerization (ROMP) for an intermediate Tg, ~40 °C, and poly(methylacrylate)""
materials (cf poly(ethyl mcthacrylate) Tg ~ 65 °C)'^ for a high Tg. The polymers prepared
containing benzimidazole moieties attached by a five carbon tether to the respective functional
group, result in polymers with Tg values ranging from 88 °C to 113 °C (table 2.1). Increases in
Tg values are likely due to decreased mobility induced by aggregation, hydrogen bonding, and ti-ti
interactions of the benzimidazole side chains. The molecular interactions between tethered
benzimidazole strongly affects polymer Tg. Polysiloxane materials with 60 mol % tethered
benzimidazole show a Tg of 57 °C, an increase of nearly 180 °C over the parent polymer.^
2.2.2.1 Polymer characterization
Glass transition temperatures for the polymers were obtained by differential scanning
calorimetry (DSC). Samples were cycled at a ramp rate of 10 °C/min between ^0 °C and 180
°C, the first cycle was used to erase thermal history and the second cycle was used to determine
Tg values from the heating curves, values are reported in table 2.1. Heat flow vs. temperature
traces for all polymers is shown in figure 2.1. Decomposition temperatures (Tj) of all polymers
and copolymers were determined by thermogravimetric analysis (TGA). Samples were heated at
a ramp rate of 10 °C/min from 25 °C to 600 °C under a nitrogen atmosphere, onset of
decomposition is reported as the temperature corresponding to 5% weight loss (table 2.1).
Weight loss vs. temperature for all polymers is shown in figure 2.2a. Polymer B5A displayed a
lower decomposition temperature than either B5MA or B5NB, therefore to assure material
stability during conductivity testing B5A was heated at a ramp rate of 2 °C/min from 40 °C to
200 °C, held at 200 °C for 5 minutes, then cooled back to 40 °C at a ramp rate of 2 °C/min (all
under a nitrogen atmosphere) estimating the time spent at each temperature during conductivity
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vs. temperature measurements. After an initial loss of absorbed water, mass loss was
approximately 4 wt%. To assure degradation did not occur during the temperature sweep an
FTIR trace of the resulting polymer was obtained. A comparison to a BSA control FTIR is
displayed in figure 2.2b where it can be seen that chemical changes occurred during the thermal
cycle.
Table 2.1. Physical properties of benzimidazole containing homopolymers
Polymer
Weight
% Bimi T.rc) Td (°C) Mn Mw/Mn
Conductivity
@ 200 °C
(mS/cm)
B5MA 43 113 280 184000 2.37 0.0048
B5NB 36 98 295 119000 1.43 0.0024
B5A 46 88 225 328000 2.44 0.015
BSA
B5NB
B5MA
— 88.33°C(I)
N
~ " "
- 98.17'C(I)
1
1 ^ 113.14"C(I)
"+^^
-4
1 1 1 1 1 1
1
Exo Up TsmperBtUre (°C) universal V3 9A TA Instruments
Figure 2.1. DSC traces for benzimidazole containing homopolymers
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Figure 2.2. a) TGA traces for benzimidazole containing homopolymers. b) FTIR comparison
after thermal cycling to 200 °C for B5A
2.2.3 Polymer conductivity
2.2.3.1 Membrane preparation
Membranes of B5A, B5NB, B5MA for ac impedance measurements were prepared by
casting solutions of each polymer in DMF onto a glass plate. Removal of solvent was
accomplished by drying in vacuo at room temperature for 18 hours, followed by soaking in
methanol (3X3 min) and air drying. The resulting films were submerged in water and removed
from the glass after 3-4 hours, then dried in vacuo at room temperature for 18 hours. Membranes
of B5A, B5NB, B5MA were dried in vacuo for an additional 24 hours at 60 °C. The resulting
transparent free-standing membranes were very brittle, therefore, care needed to be exercised
when handling the membranes for ac impedance measurements. The membrane thickness was
measured using digital calipers prior to obtaining ac impedance data.
2.2.3.2 Conductivity data
The conductivity in polymeric systems depends on the charge carrier density and the
mobility of the system, such that changes in either variable influences proton transport.
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Conductivity values of B5A, B5NB, and B5MA from 100 °C to 200 °C are displayed in figure
2.3a with corresponding Tg values; wt% benzimidazole content is listed in table 2.1. By
comparing conductivity as a fiinction of Tg, B5A (Tg= 88 °C) displays the highest conductivity
over the entire temperature range due to increased chain mobility over B5NB (Tg= 98 °C) and
B5MA (Tg= 113 °C). This mobility allows the protonic charge carriers greater range of motion,
thus lowering the barrier for heterocyclic rearrangement, facilitating proton diffusion through the
material."' However, the nearly identical conductivity curves observed for B5NB and B5MA
indicates that the effect of charge carrier density and mobility are in strong competition. A
normalized plot of conductivity as a fiinction of Tg is shown in figure 2.3b, where the two effects
can be better observed. Conductivity in polyelectrolytes as a function of temperature does not
follow Arrhenius behavior, but can be fitted to the Vogel-Tamman-Fulcher (VTF) equation.^^
The conductivity as a function of temperature depends on the reference temperature, To, a
temperature somewhat below Tg in polymeric systems. Since conductivity is, in part, governed
by the free volume conformational changes it is expected that log(o) vs. T-Tg curves would
converge given a constant protonic charge carrier density.^ As can be seen in figure 2.4b the
Temperature (°C)
a) 1000/K b) T-Tg(°C)
Figure 2.3. a) log(a) vs. 1000/K for benzimidazole containing homopolymers. b) log(a) vs.
T-Tg for benzimidazole containing polmers
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curves do not converge, but show a downward trend with decreasing benzimidazole content.
2.2.3.2.1 VTF fitting
As mentioned above, the conductivity in polymer electrolytes can be modeled (although not
necessarily defined) using the Vogel-Tamman-Fulcher equation that describes viscous liquid and
polymer motion. The data sets obtained for all three homopolymers were fitted to the VTF
equation, the results are displayed in figure 2.4. Fitting was performed using equation 2-3 where
E is designated as the activation energy, y is log[(Tr] and x is 1000/K. The data does trend toward
VTF-like behavior and the fitted curves provide some insight into relative apparent activation
energies for each material, the values in electron volts are displayed in figure 2.4.
aT = Ae^^ (2-1)
iogK]=iog[^]-MfMf_L__'
f 1 A\o^e\E{ 1
(2-2)
(2-3)
The activation energy for B5A is lower than both B5MA and B5NB, which have nearly
identical values. The results were as expected, B5A does display a shallower slope than B5MA
and B5NB and the latter two have nearly
Table 2.2. Apparent activation energy values
identical slopes (figure 2.3a). Apparent from VTF fittings
PolymerEa (kJ/mol) Error (kJ/mol) % error
2.2, with the associated errors. Although the %
B5A 18.89 +/-1.59 8.4
B5MA 25.19 +/-1.71 6.8
B5NB 25.31 +/-2.79 11.0
error in the fittings is rather large, the expected trend in Sa does hold, however, the actual Sa values
cannot be weighed too heavily in this analysis.
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The homopolymers prepared reveal two competing trends, the effect of reduced Tg and the
influence of charge carrier density on
conductivity. Comparison of B5A and
B5MA (46 wt% and 43 wt% benzimidazole
respectively) demonstrates that reduction in
Tg results in a significant increase in
conductivity over the entire probed
temperature range. However, when
comparison of B5NB (36 wt%
benzimidazole) and B5MA is made, the
effect of reduced Tg is offset by the
^ -A
'e
u
o, -6
-7-
1 ' 1 1 1 ' r
2.2 2.4 2.6 2.8
1000/T [<"]
Figure 2.4. VTF fittings for B5A, B5MA, and
difference in charge carrier density resulting B5NB
in nearly identical conductivity vs. temperature curves. The observed trends underscore the
importance of choosing the proper polymer backbone in these systems.
The acrylate polymer B5A showed conductivity of 0.015 mS/cm at 200 °C, nearly an order of
magnitude larger than both B5NB and B5MA (0.0024 mS/cm and 0.0048 mS/cm respectively).
There is a positive effect on conductivity by increasing mobility as seen by comparing B5A and
B5MA, however, the competing effect of charge carrier density reduction is clearly seen by
comparing B5NB and B5MA. The two competing effects can be investigated by effecting further
reduction in Tg through copolymerization of B5A with a low Tg comonomer.
2.3 Glass transition effects: addition of PEG
As mentioned in section 2.1.3.1, investigation into the effects of reducing Tg and charge
carrier density can be accomplished through copolmerization of a benzimidazole containing
monomer with a low Tg comonomer resulting in a polymer with a low Tg. To disrupt the
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benzimidazole interactions and reduce the Tg, 7 was copolymerized with poly(cthylene glycol)
methyl ether acryalte (PEGMEA, Tg —55)'^ to systematically reduce of the parent B5A
homopolymer.
2.3.1 Polymerization
Free radical random copolymerizations of 7 and poly(ethylene glycol) methyl ether acrylate
(PEGMEA) with AIBN were performed in septum capped scintillation vials under nitrogen at 60
°C in benzene for 30 minutes (Scheme 2.8). The resulting viscous solutions were diluted with
DMF and the polymer precipitated in excess ethyl acetate to remove residual 2 and AIBN. A
second precipitation from DMF into water was required to remove residual PEGMEA, therefore,
only moderate yields were obtained (Table 2.3). Molecular weight data was not obtainable by
GPC due to polymer interaction with the stationary phase. Copolymers were prepared with 10,
20, and 30 mol % PEGMEA in the feed. Comonomer incorporation was determined from 'H
NMR by calculating the ratio of aromatic protons on the benzimidazole unit to the methyl protons
of the methyl ether as seen in figure 2.5 for 10 % PEGMEA, providing the values calculated in
Table 2.3. The PEGMEA incorporation closely matched the monomer feed ratio, with slightly
higher incorporation observed for 30% PEGMEA in the feed. All 'H-NMR composition ratios
are in appendix B.
60 C, 30 min
[M]=2M
Vs 2mol%AIBN
Benzene
7
Scheme 2.8. Copolymerization of 7 with PEGMEA
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Figure 2.5. Proton NMR of B5A-PEGEMA 1 1 , integration shown for determination
ofPEGMEA incorporation
Table 2.3. B5A-PEGMEA copolymer physical properties
% PEGMEA PEGMEA Weight %
Polymer Yield Te (°C) Td (°C) in feed in polymer Bimi
B5A 88 225 0 0 46
B5A-PEGMEA 1
1
54 62 270 10 11 37
B5A-PEGMEA21 65 43 270 20 21 31
B5A-PEGMEA 35 58 2 270 30 35 23
General procedurefor copolymerization of6 and PEGMEA. Random copolymerization of 6
and PEGMEA were performed in DMSO at 60 °C, monomer concentration at 2.0 M and AIBN at
0.04 M (2 mol%). To a 20 mL scintillation vial equipped with a stir bar and septum, monomer
and AIBN were added and purged with nitrogen for 10 min. Benzene (pre-purged with nitrogen
for 1 0 min) was added via a nitrogen purged gas tight syringe. The reaction vial was heated to 60
°C with constant agitation for 2 hours. The vial was removed from heat and the viscous solution
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diluted with DMF. The polymer was precipitated in excess ethyl acetate and dried under vacuum
at 40 °C for 24 hours.
2.3.1.1. Polymer characterization
Glass transition temperatures for the polymers were obtained by differential scanning
calorimetry (DSC). Samples were cycled at a ramp rate of 10 °C/min between ^0 °C and 180
°C, the first cycle was used to erase thermal history and the second cycle was used to determine
Tg values from the heating curves, values are reported in table 2.2. Heat flow vs. temperature
traces for all polymers is shown in figure 2.6. Decomposition temperatures of all polymers and
copolymers were determined by thermogravimetric analysis (TGA). Samples were heated at a
ramp rate of 10° C/min from 25 °C to 600 °C under a nitrogen atmosphere, onset of
decomposition is reported as the temperature corresponding to 5% weight loss (table 2.2).
Weight loss versus temperature for all copolymers is shown in figure 2.7.
B5A-PEGMEA10
B5A-PEGMEA 20
B5A-PEGMEA 35
^6r99''C(l)
^H-.^ 42.98*C(I)
1.99'C(I)
^ Up Temperature (°C)
Figure 2.6. DSC traces for B5A-PEGMEA copolymers.
150
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2.3.2 Copolymer conductivity results
Two recent reports by Persson and
Jannasch investigate the use of PEG as a
way of reducing Tg in polymers with
tethered benzimidazole units. ^" The first
report attaches benzimidazole heterocycles
to polystyrene via ethylene glycol tethers,
resulting in increases the Tg of the parent
• B5A-PEGMEA 1
1
-B5A-PEGMEA21
B5A-PEGMEA35
100 200 300 400 500 600 700
Temperature (C)
polymer of approximately 100 °C. In this yigure 2.7. TGA traces for B5A-PEGMEA
copolymers.
case, a benzimidazole is attached to every
ethylene glycol repeat unit, giving a high density of heterocycles and the observed Tg increase.
The second report utilizes PEG block copolymers to introduce varying fractions of tethered
benzimidazole, resulting in effective Tg reduction as the mole fraction of benzimidazole is
decreased. In this case, as the mole fraction of PEG is increased the benzimidazole mole fraction
is decreased through random incorporation of PEG side chains. The net result being that Tg is
reduced (Table 2.2), resulting in increased conductivity values at lower temperatures even though
the charge carrier density is reduced,
Conductivity as a fiinction of temperature from 40 °C to 200 °C for the B5A-PEGMEA
copolymers is displayed in Figure 2.8a, B5A homopolymer data is shown for comparison. Three
temperature regimes are defined, low (<80°C), intermediate (80-160 °C) and high (>160 °C).
With the exception of 85A-PEGMEA 1 1 , conductivity increases in the low temperature regime
while the values converge at high temperatures to a point about 0.5 orders of magnitude lower
than B5A homopolymer. The decrease is indicative of the reduction in charge carrier density as
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benzimidazole is replaced by PEG in the copolymers. Representative data points for each
temperature regime are shown in Table 2.2, of particular interest is B5A-PEGMEA 35 copolymer
which displays the most pronounced effect in the low temperature regime, where conductivity
increases over B5A homopolymcr are 2-3 orders of magnitude. Additionally, moderate
improvements are maintained in the intermediate temperature regime (1 to 2 orders of magnitude)
with only minimal loss of maximum conductivity in the high temperature regime. Improved
proton conductivity in the low temperature regime is necessary to facilitate fuel cell start-up at
ambient or sub-ambient temperatures. The conductivity values obtained for B5A-PEGMEA 35
span approximately 4 orders of magnitude from 40 to 200 °C, an improvement over B5A
homopolymcr which spans 6 orders of magnitude from 60 to 200 °C. This shallower temperature
dependence is indicative of a reduction in the apparent activation energy of the system. Further
reduction in the apparent activation energy of heterocyclic systems with the ultimate goal of
minimizing the temperature dependence of conductivity is explored in subsequent chapters.
Temperature (°C)
Figure 2.8. Conductivity plots for B5A-PEGMEA copolymers, a) log(0) vs. 1000/K, b) log(o) vs.
Vogel-Tamman-Fulcher modeling of the copolymer conductivity data according to Equation
2-3 resulted in the curves displayed in Figure 2.9 with the associated values in Table 2.4. Just
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as seen in the fitting for B5A, B5MA and B5NB homopolymers, the % error in 8a values is high
and in fact larger than the errors observed for the homopolymers. It is clear from the slope of the
curves that the apparent activation energy is decreases as the amount of PEGMEA increases,
however, no further insight is gained from the VTF fittings. The normalized plot of copolymer
conductivity vs. T-Tg (Figure 2.8b) clearly shows the effect of charge carrier reduction in the
system. An initially large shift for B5A-PEGMEA 11 is seen followed by incremental shifts
with increasing PEG incorporation.
Weight % of benzimidazole contained in
each polymer is listed in Table 2.2, the
weight percent is calculated by dividing the
equivalent weight of the benzimidazole
unit (117 g/mol) by the equivalent weight
of the polymer repeat unit and multiplying
by the mol fraction of B5A repeat units. In
the case of the homopolymers this is the
molecular weight of the monomer, whereas
-3 -
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B5A PEGMEA 35
A B5A PEGMEA 20
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Figure 2.9. VTF fittings for B5A-PEGEMA
in the copolymers the equivalent weight of copolymers
the repeat unit is defmed as [(mol fraction B5A)(MW of B5A) + (mol fraction PEGMEA)(Mn of
PEGMEA)]. It is interesting to note that at low PEG incorporation, the conductivity appears to be
dominated by the reduction in charge carrier density, evidenced by the reduced conductivity of
B5A-PEGMEA11 over B5A even
Table 2.4. Apparent activation energy values
though a reduction in Tg of 26°C was calculated from VTF fits
achieved. However, as PEG
incorporation increases the overall
Copolymer (kJ/mol) Error (kJ/mol) % error
B5A-PEGMEA 10 18.86 2.93 15.5
B5A-PEGMEA20 22.51 4.78 21.2
B5A-PEGMEA35 10.08 1.81 18.0
system mobility plays an increasingly dominant role such that the conductivity of B5A-
PEGMEA35 is higher than B5A up to 160 °C despite a 35% reduction in benzimidazole content.
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2.3.2.1 Discussion of structural effects
In cases where benzimidazole moieties are tethered to polymers to facilitate proton
conduction there is a significant increase in Tg over the parent polymer regardless of the
backbone type. While decreases in the polymer Tg by changing backbone type does result in
increased conductivity values over the entire observed temperature range, there is an apparent
lower Tg limit of approximately 50 °C (as observed in this and other work),"' ^ therefore, further
Tg reduction must be accomplished through alternate polymer structural changes. Random
siloxane copolymers containing tethered benzimidazole units display a steep rise in Tg as the mol
% of benzimidazole is increased to 30%.^ Polystyrene-PEG comb-like polymers where the PEG
side chains contain a benzimidazole unit on every repeat unit, result in significant increases in Tg
over the parent polymer.^ Effective lowering of Tg through random copolymerization of B5A
with PEGMEA demonstrates that tethered benzimidazole-benzimidazole interactions can be
partly disrupted by introduction of PEG side chains randomly throughout the structure. The PEG
ABA triblock copolymers with benzimidazole tethered to the A blocks prepared by Persson and
Jannasch demonstrate similar Tg reduction effects.""* Block copolymers containing 22 mol%
benzimidazole display a Tg around 0 °C, consitent with our reported Tg of 2 °C at 23%
benzimidazole. Comparison of polymer structures and their respective Tg values are listed in
Table 2.5. The lower Tg observed upon disruption of benzimidazole interaction results in
increased conductivity values in the low temperature regime due to increased segmental mobility
with minimal impact on maximum conductivity values, increasing the useful temperature range
of tethered benzimidazole materials. As Tg decreases, the apparent activation energy of the
system, however, attention must be paid to the competing effect of charge carrier reduction on
conductivity.
In addition to the polymer backbone type and comonomer choice, benzimidazole-
benzimidazole interactions play a significant role in determining the polymer Tg. Alternatively,
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there is evidence that imidazole does not result in the same Tg increases over parent polymers
observed for benzimidazole, polystyrene containing tethered imidazole shows a decrease in Tg
over the parent polymer (Table 2.5), with the decrease dependent on the imidazole tether length.'
Investigation into the effects of heterocycle choice on conductivity and polymer Tg is covered in
subsequent chapters.
Table 2.5. Comparison of polymer structure and glass transition temperature
Polymer Structure Tg, °C Ref
ABA tri-block PEG with
benzimidazole tethered to the
A blocks
B5A-PEGMEA 35
Polysiloxane copolymer with
tethered benzimidazole (-32
mol%)
Polystyrene-PEG comb-like
polymers with tethered
benzimidazole
Polystyrene with tethered
imidazole
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2.4 Internal acid doping
As discussed in chapter 1, section 1.4.3, addition of acid to heterocyclic proton conducting
systems results in increased conductivity.^ Studies of acid doped oligomers containing imidazole
and bcnzimidazole have been rcported,'"^ '^' the findings indicate that approximately one order of
magnitude improvement in the conductivity is observed at 10 to 15 mol% doping levels. Further
addition of acid to the system results in conductivity losses, presumably due to loss of proton
accepting sites on the heterocycle resulting in loss of a well-organized hydrogen bonded network.
In this section copolymers of 7 and 2-acrylamido-2-methyl propanesulfonic acid (AMPSA) are
prepared and characterized to evaluate a means for producing acid doped benzimidazole
containing polymers in a single step.
2.4.1 Polymerization
Due to solubility differences in 7 and AMPSA, a suitable polymerization solvent was sought.
A first polymerization attempt was made in 10% HCl, 7 was protonated to form the water soluble
benzimidazolium chloride salt, and while polymerization did occur, the benzimidazole
functionality was lost due to hydrolysis of the acrylate ester. Further literature investigation of
AMPSA copolymerization lead to polymerization attempts in dimethylsulfoxide (DMSO),
Kurenkov and Zhelonkina,"' report copolymerization of AMPSA with N-vinylpyrrolidone in
DMSO, in which both AMPSA and 7 are soluble. Using DMSO avoids hydrolysis of 7 and
AMPSA can be used in the acid form obviating the need for acidifying any recovered polymer.
Copolymerization was performed with 10, 20, 30 mol% AMPSA in the feed at 2.0 M
monomer concentration and 4 mol % AIBN at 60 °C, however, vitrification occurred after
approximately 15 minutes. Subsequently, the concentration of monomer was reduced to 1.0 M
and AIBN concentration to 2 mol%. Under these conditions vitrification did not occur and
adequate mixing continued for the duration of the polymerization. Optimized reaction conditions
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and yields for the polymerizations are shown in table 2.6. Molecular weight data was not
obtainable by GPC due to polymer interaction with the stationary phase.
Table 2.6. Reaction conditions and results for copolymerization of 7 and AMPSA.
mol % mmol mmol mmol mL mass
AMPSA solvent acrylate AMPSA AIBN solvent polymer % yield rxn time
10 DMSO 3.6 0.4 0.08 4 0.885g 93 2hrs
20 DMSO 3.2 0.8 0.08 4 0.905g 97 2hrs
30 DMSO 2.8 1.2 0.08 4 0.709g 77 2hrs
Copolymer compositions were determined from 'H-NMR (Figure 2.10) by comparing the
integrated area of copolymer spectra to the B5A homopolymer spectrum and subtracting the
difference, all AMPSA copolymer NMR spectra with integrations are shown in appendix B. The
total area between 1 and 2 ppm from B5A homopolymer and any contribution from residual
monomer (as determined by integrations at 4.05 ppm and 2.7 ppm) was subtracted from the area
in the copolymer spectrum according to equation 2-4. Calculated AMPSA incorporation into
copolymers is listed in Table 2.7, the values follow monomer feed ratios closely.
molVoAMPSA = "^^-^
-^i^e^idualD-^residualAMPSA)
^2-4)
6
Table 2.7. Calculated AMPSA incorporation into B5A-AMPSA copolymers
Area in a mol %
mor/o residual from AMPSA AMPSA
AMPSA proton area AMPSA residual 7 residual adjusted methylene in
in feed b area a area area monomers area a area polymer
0 2.00 8.05 0.00 0.00 0.00 8.05 0.00 0.00
10 2.00 9.12 0.08 0.04 0.36 8.76 0.71 11.8%
20 2.00 9.70 0.05 0.05 0.30 9.40 1.35 22.5%
30 2.00 9.73 0.00 0.00 0.00 9.73 1.68 28.0%
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Typical copolymerization of6 and AMPSA. To a clean, dry scintillation vial equipped with a
stir bar and septum top, 6 and AMPSA were added, the vial was purged with nitrogen for 10
minutes. DMSO (pre-purged with nitrogen) was added to the reaction vial via a nitrogen purged,
gas tight syringe. The vial was heated to 60 °C with constant agitation in a temperature
controlled oil bath for 2 hours. Polymers were precipitated by pouring the reaction mixture into a
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Figure 2.10. Proton NMR ofB5A-AMPSA 10 with integration shown for AMPSA
incorporation determination
large excess of vigorously stirring ethyl acetate. The precipitated polymer was removed and
dissolved in a minimal amount of DMSO followed by a second precipitation in a large excess of
vigorously stirring water. The solid polymer was removed from water and dried under vacuum
for 24 hours at 60 °C.
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2.4.1.1. Polymer characterization
Decomposition temperatures of all AMPSA copolymers were determined by
thermogravimetric analysis (TGA). Samples were heated at a ramp rate of 10° C/min from 25 °C
to 600 °C under a nitrogen atmosphere, onset of decomposition is reported as the temperature
corresponding to 5% weight loss (table 2.5). Weight loss versus temperamre for all polymers is
shown in figure 2.11.
Glass transition temperatures for the
polymers were obtained by differential
scanning calorimetry (DSC). Samples were
,
cycled at a ramp rate of 10 °C/min between z >
g
0 °C and 200 °C, the first cycle was used to
erase thermal history and the second cycle
was used to determine Tg values from the
heating curves. Glass transition values
-B5A-AMPSA 10
- B5A-AMPSA 20
B5A-AMPSA 30
100 200 300 400 500 600
Temperature (C)
were
Figure 2.11. TGA traces for B5A-AMPSA
greatly affected by residual amounts of
copolymers
DMSO, with the "wet" polymers showing a Tg between 65 and 83 °C lower than the dry (solvent
free) polymers, Tg values are reported in Table 2.8. Heat flow versus temperature traces for
"wet" polymers are shown in figure 2.12a and dry polymers in figure 2.12b.
Table 2.8. B5A-AMPSA copolymer physical properties
Mol%
AMPSA in Mol% AMPSA Tg, wet Tg, dry Decomp.
feed % Yield in polymer (°C) (°C) Temp (°C)
10 93 11 26 91 190
20 97 22 32 NA 215
30 77 28 28 111 215
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Figure 2.12. DSC traces ofAMPSA copolymers, a) "wet" with residual DMSO, b) fully dried
2.4.2 Copolymer conductivity
2.4.2.1 Membrane preparation
Membranes of all B5A-AMPSA copolymers for ac impedance measurements were prepared
by casting 15 % w/v solutions of each polymer in DMSO onto a glass plate. Removal of solvent
was accomplished by drying in vacuo at room temperature for 18 hours. The first set of
membranes prepared were dried an additional 24 hours under vacuum at 60°C. A second set of
membranes was prepared, however, after the initial drying phase, the films were washed with
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methanol to remove residual DMSO. In both cases, the resuhing films were submerged in water
and removed from the glass after 3-4 hours, then dried under vacuum at room temperature for 24
hours.
2.4.2.2 Conductivity data
Conductivity as a function of temperature for B5A-AMPSA copolymers is shown in Figure
2.13, B5A homopolymer is shown for comparison. From the log(o) vs. 1000/K plot it can be
seen that there is an increase in the conductivity as amount of AMPSA increases up to 20 mol%,
with an increase of approximately one order of magnitude at 200 °C and two orders of magnitude
at 100 °C. Further increasing AMPSA to 30 mol% shows a slight drop in conductivity, it is
presumed that increases beyond 30 mol% would result in additional decreases in conductivity. It
can be seen that all three B5A-AMPSA copolymers have improved temperature dependence and
hence lower apparent activation
energy. However, the reduced slopes
are not consistent with reported
external acid doping studies of
imidazole based systems, where the
entire curve shifts to equally higher
values."* The observed slope changes
in Figure 2.13 can be explained by the
greatly reduced Tg of the B5A-
AMPSA copolymers, a reduction in
Tg corresponds to a reduction in the apparent activation energy as observed for B5A-PEGMEA
copolymers in section 2.3.2. Removal of residual DMSO from the membranes results in
drastically different conductivity as a function of temperature for these materials.
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Data obtained on a B5A-AMPSA 1 1 membrane that was washed with methanol to remove
residual DMSO shows a dramatic shift down in conductivity over the entire temperature range.
While the a drop would be expected due to the increase in Tg (table 2.6), the values obtained
should have been similar to B5A homopolymcr due to Tg similarity, however, as seen in figure
2. 1 1 the actual values are much lower. This can be explained by the effect of ionic crosslinking"^
between polymer chains further limiting the mobility of the system. Given this ionic crosslinking
effect, further copolymerizing acid containing heterocycle contianing monomers was not pursued.
Rather, acid doping effects will be investigated by addition of a small molecule acid to the
polymeric systems.
2.5 Summary
Conductivity of polymers containing immobilized benzimidazole moieties was investigated
as a function of polymer Tg through backbone modification and addition ofPEG side chains and
as a function of internal acid doping by introduction of an acid functional monomer the
polymerization feed. It was found that changes in polymer backbone not only affected the
conductivity versus temperature curves as a function of Tg (as expected) but also as a function of
weight % benzimidazole in the material. Initially this was somewhat surprising since every
repeat unit contained a benzimidazole, resulting in the same mole percentage (100%) for each
polymer, however, fiirther consideration of the weight and volume percentage of benzimidazoles
(charge carriers) showed there was a significant difference between the B5NB and B5MA. The
resulting difference in charge carrier density was enough to offset any improvement in
conductivity due to decreased Tg from B5MA to B5NB. This underscores the need to carefully
consider the polymer backbone to afford maximum weight fraction of charge carriers, while at
the same time minimizing Tg. Strong intermolecular forces between benzimidazole units resulted
in Tg values higher than expected for the polymer architectures investigated, limiting the operable
temperature range of these types of anhydrous proton conducting systems.
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The homopolymers prepared reveal two competing trends, the effect of reduced Tg and the
influence of charge carrier density on conductivity, investigation into the competing effects was
accomplished by copolymerizing the benzimidazole functionalized monomer (7) with PEGMEA,
resulting in decreased Tg over the parent homopolymer. The lower Tg results in increased
conductivity at temperatures below 1 60 °C, broadening the potential useful range of these types
of systems. However, convergence of the conductivity curves is observed as the temperature is
increased reaching a maximum value -0.5 orders of magnitude lower than B5A, consistent with a
decrease in charge carrier density as the weight % of benzimidazole is reduced. Therefore, to
achieve significant increases in conductivity of heterocyclic systems over a broad temperature
range, a balance of low Tg and high charge carrier density must be maintained to optimize both
low and high temperature conductivity. One way to accomplish this may be through the use of
different heterocycles. As shown in Table 2.3, use of imidazole in place of benzimidazole
tethered to a polymer appears to result in a Tg reduction over the parent polymer, this may be a
result of the smaller size and/or the lower melting point (reduced molecular interaction) of
imidazole. An investigation into alternate heterocycles is presented in chapter 3.
Finally, internal acid doping of B5A was accomplished by copolymerization with AMPSA.
The results were mixed, addition of acid did result in improved conductivity, however, the effect
was only realized if residual solvent (DMSO) remained in the polymer films. Upon all solvent
removal from the membranes, a large increase in Tg was observed and hence decreases in
conductivity. The decrease in conductivity was so large in fact that it could not be explained
through Tg changes alone. Ionic crosslinking of the polymer chains through the interaction of
benzimidazolium and sulfonyl functionality can fiirther reduce the mobility of the system
resulting in the very low conductivity observed. Therefore, internal acid doping by tethering both
the heterocycle and acid onto the same polymer chain is not a viable route to improve
conductivity of these systems and future acid doping studies will be conducted by external
addition of acid to the polymers.
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CHAPTER 3
INVESTIGATION OF TRINITROGEN HETEROCYCLES: POLYACRYLATES WITH
TETHERED 1,2,3-TRlAZOLE UNITS
As discussed in chapter 2, the conductivity and physical properties of polymers containing
tethered heterocycles is dependent on the mobility of the system and charge carrier density. It
was observed that these two factors were at odds when the heterocycle is benzimidazole,
presumably due to the strong hydrogen bonding and pi-pi stacking that drives benzimidazole to
crystallize (m.p. 170 °C). While it was demonstrated that mobility can be introduced into the
system through copolmerization with PEG containing monomers to lower Tg, this results in a
reduction in charge carrier density affecting the maximum achievable conductivity at 200 °C.
Because the charge carrier density is dependent on the number of mobile protons in the system it
is theorized that reducing the bacisity of the heterocycle will increase the number of mobile
protons available for conduction. Liu and coworkers have investigated both 1,2,4-triazole (pKa
10) and 1,2,3-triazole (pKa 9) as alternatives for imidazole (pKa 14) for anhydrous proton
conduction.' " Polymers with grafted 1,2,4-triazole display improvements over imidazole grafted
materials and a pronounced increase in the conductivity of vinyl heterocycle polymers is
observed when the heterocyclic group is changed from imidazole to 1,2,3-triazole. This is
attributed to both a reduction in the pKa and reduced conformational changes needed for
conduction in triazoles compared to imidazoles.^ A recent report by Subbaraman, et al. further
supports the importance of proton affinity (pKa) in facilitating proton conduction in amphoteric
heterocyclic systems.'*
With the goal of producing a direct analog to B5A, this chapter will explore synthetic
pathways to prepare 1,2,4-triazole, 1,2,3-triazole, and benzotriazole fiinctionalized acrylate
monomers. As will be discussed in section 3.2, the synthesis of 1,2,4-triazole and benzotriazole
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monomers proved difficult, however, 1,2,3-triazole monomers were prepared via [3+2]
cycloaddition of alkynes and azides. In section 3.3 polymerization of A^- 1,2,3-triazole
functionalized acrylate monmoers, and characterization of physical properties and conductivity is
reported. Copolymerization with poly(ethylene glycol) methyl ether acrylate as a means of
introducing PEG side chains for Tg reduction and acid doping with trifluoroacetic acid (TFA)
were performed and both showed marked improvements in conductivity values over the
homopolymer.
3.1 Experimental
3.1.1 Materials
Hydrazine hydrate, 8-caprolactone, benzotriazole-5-carboxylic acid, l-ethyl-3-(3'-
dimethylaminopropyl)carbodiimide, hydroxybutyl acrylate, trimethylsilyl azide, copper(I) iodide,
5-hexyn-l-ol, acryloyl chloride, triethylamine, copper(II) sulfate (CUSO4.5H2O), sodium
ascorbate, t-butanol (t-BuOH), and trifluoroacetic acid (TFA) were purchased from Sigma-
Aldrich and used as received. Poly(ethylene glycol) methyl ether acrylate (PEGMEA) (Mn -454
g/mol) passed through basic alumina to remove added inhibitors prior to polymerization. 2,2'-
Azobis(2-methylpropionitrile) (AIBN) was received from Aldrich Chemical and recrystalHzed
from methanol prior to use. Triethylamine was received from Aldrich chemical and dried over
molecular sieves. Solvents were received from VWR International and used without further
purification. Azidomethyl pivalate was prepared as reported in the literature.^
3.1.2 Instrumentation
'H-NMR (300 MHz) and '^C-NMR (75 MHz) spectra were obtained on a Bruker DPX-300
NMR Spectrometer with the samples dissolved in either chloroform-d or dimethyl sulfoxide-d6
(DMS0-d6). Unless otherwise noted, all NMR spectra can be found for reference in Appendix C.
Molecular weight and polydispersity index were measured by gel permeation chromatograhpy
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(GPC) in DMF at 50 °C with a flow rate of 1 mL/min on systems equipped with two-column sets
(from Polymer Laboratories), and refractive index detectors (HP 1047A). Poly(mcthyl
methacrylatc) standards were used for molecular weight calibration. Thermogravimetric analysis
(TGA) was carried out using a TA Instruments TGA 2950 thermogravimetric analyzer with a
heating rate of 10 "C/min from room temperature to 700 °C under air purge. Glass transition
temperatures were obtained by differential scanning calorimetry (DSC) using a Perkin-Ehner
Dupont DSC 2910. Samples, approximately 3-5 mg, were used with a heating rate of 10 °C/min
from -100 °C to 180 "C under a flow of nitrogen (50 mL/min). Electrochemical impedance data
was obtained using a Solartron 1287 potentiostat/1252A frequency response analyzer in the 0.1
Hz-300 kHz range. The polymers were pressed between two gold coated blocking electrodes
followed by an application of 100 mV excitation voltage with a logarithmic frequency sweep
from 3x10^ Hz to 1x10"' Hz. Resistance values were taken at the minimum imaginary response in
a Z' vs. Z" plot to determine conductivity in the low frequency limit. Mass spectral data were
obtained at the University of Massachusetts Mass Spectrometry Facility which is supported, in
part, by the National Science Foundation.
3.1.3 AC impedance
Polymer conductivity (a) was determined using ac impedance methods, a detailed description
of the method, how it is applied to polymer electrolytes, and circuit models used to obtain the
data presented can be found in Appendix A. The ac impedance measurements were performed
under vacuum to assure an anhydrous environment. Polymers were pressed between two
blocking electrodes followed by application of 100 mV alternating current from 3x10^ Hz to
1x10"' Hz. Sample thickness was determined by the difference in length of the electrodes before
and after sample loading. Resistance values were taken at the minimum imaginary response in a
Z' versus Z" plot to determine conductivity in the low frequency limit. Samples were heated to
200 °C and ac impedance data was obtained as a function of temperature upon cooling.
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3.2 Alternate heterocycles
The bacisity of nitrogen containing heterocycles can be reduced by introduction of a third
nitrogen to the five membered ring in either the 4 position, in the case of 1,2,4-triazoles, or the 3
position in 1,2,3-triazoles and even a fourth nitrogen in the case of tetrazole. Figure 3.1 displays
heterocycles in order of decreasing pKa values, beginning with imidazole, pKa of 14.5, all the
way to tetrazole with a pKa of 4.8^. The trend is that as additional nitrogen atoms are introduced
into the cycle the proton acidity increases. It is also worth noting that attaching the
heterocycle to an aromatic ring increases the acidity as well, such that benzimidazole and
benzotriazole are more acidic than imidazole and triazole respectively. Synthesis of 1,2,4-
trizoles, 1,2,3-triazoles and benzotriazole have been carried out to varying degrees of success and
will be discussed below. Tetrazole was not be investigated due to the poor thermal stability,
nitrogen is liberated at temperatures as low as 120 °C.^ Also included in figure 3.1 is the melting
point of each heterocycle, which may be an indicator of how each may affect Tg when tethered to
a polymer.
Imidazole Benzimidazole 1 ,2,4-triazole 1,2,3-triazole Benzotriazole Tetrazole
m.p. = 90 °C m.p. = 170 °C m.p. = 120°C m.p. = 25 °C m.p. = 98 °C m.p. = 156 °C
14.5 13.2 10 9.4 8.2 4.8
Decreasing pKg
Figure 3.1. pKg trends in nitrogen heterocycles^
3.2.1 Synthetic route to 1,2,4-triazole
Preparation of 1,2,4-triazoles can be accomplished using by reacting an acyl hydrazide with a
thioamide (Pellizzari reaction).^ In the first step to prepare a 1,2,4-triazole analog of B5A, 6-
hydroxy hexanoic acid hydrazide, 13, was successfiilly prepared in good yields by reaction of
hydrazine with e-caprolactone in bulk followed by recrystallization from isopropanol, however
77
further reaction with thioacetamidc in bulk at 140 °C to produce the 1,2,4-triazole resulted in low
yields of the 1,2,4-triazole 15, see Scheme 3.1.**
Scheme 3.1. Synthetic route to 1,2,4-triazole derivatives via the Pellizzari reaction
Several reaction conditions for the 1,2,4-triazole formation were tried, 140 °C for 2 hr, 5 hr,
18 hr, and 36 hr, 175 °C for 2 hr, 140 °C for 2 hr with 2 mol % p-toluenesulfonic acid catalyst,
and finally 140 °C for 2 hr with 10 mol % dimethylamino pyridine catalyst. The reaction
proceeds through the non-cyclic intermediate adduct of 13 and thioacetamidc, Scheme 3.1, 14.
Regardless of reaction conditions the crude product was a mixture of 14 and 15 with only about
22% of 15 formed as evidenced by 'H-NMR of the crude product (Figure 3.2). The integration of
the peak at 5 13.3 ppm corresponding to the NH proton and the singlet at 5 2.22 ppm
corresponding to the methyl protons at the 3 position in the triazole ring. The amount of 14 is
estimated to be about 27% from the integration of the singlet at 5 2.12 ppm corresponding to the
methyl protons in 14. The source of the triplet at 5 2.33 ppm is not known, but it may be from
some degradation products formed. It is unclear if there is unreacted thioacetamidc, as the
chemical shift would be nearly coincident with DMSO-dg at 5 2.50 ppm. Further investigation of
Pellizzari reactions indicate that formation of 1,2,4-triazoles generally occur in low yields (<50%)
with a few exceptions.^ Alternate reaction sequences to form 1,2,4-triazoles directly have been
identified, but due to the numerous synthetic steps involved were not pursued.
"
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Figure 3.2. 'H-NMR of the crude product of 13 and thioacetamide
Preparation of6-hydroxy hexanoic acid hydrazide (13). To a 50 mL 2-neck rb flask equipped
with a stir bar and 10 mL addition funnel was added £-caprolactone (5 g, 0.044 mol). Hydrazine
hydrate (2.24 mL, 0.046 mol) was added drop wise over 10 minutes under constant agitation.
Upon completion of hydrazine addition, a crystalline mass formed in the reaction flask. The
crystalline solid was dissolved in isopropyl alcohol (25 mL) and then recrystallized in the freezer.
The crystals were filtered, washed with ethyl acetate, and dried under vacuum to yield 13 as a
crystalline solid (6.1 g, 84%) 'H-NMR (DMSO-de) 5 1.24 (2H, m), 1.37 (2H, m), 1.46 (2H, m),
L98 (2H, t), 3.36 (2H, m), 4.13 (2H, s), 4.35 (IH, t), 8.91 (IH, t). Mass spectrum m/z 147.1 (35,
M+«), 129.1 (8), 97.1 (45), 74.0 (20), 69.1 (100), 55.1 (22).
As an alternate to forming the 1 ,2,4-triazole ring an attempt to ring open e-caprolactone with
3-amino-l,2,4-triazole directly in the melt (Scheme 3.2) resulted in a mixture of the desired
product, hydroxyalkyl-l,2,4-triazole, and what is believed to be dimer, trimer, or other oligomeric
products, 16, resulting from the ring opening of e-caprolactone by the primary alcohol formed in-
79
situ. This is evidenced in the 'H-NMR spectrum of the crude product, methylene protons
corresponding to the amide at 6 2.27 ppm, the alcohol at 5 3.36 ppm, and the ester at 5 2.36 and 8
3.99 ppm are all observed (Appendix C). The similar reactivity of the primary amine and the
primary alcohol was initially surprising, however, ftirther investigation revealed that primary
amines attached directly to 1 ,2,4-triazoles are much less nucleophilic than aliphatic primary
amines due to the aromatic nature of the heterocycle.'"^ This explains the observed amine and
alcohol competition during the reaction.
O
HN'V^"^ ( °) HN-V'^V^O^""
Scheme 3.2. Ring opening of e-caprolactone with 3-amino-l,2,4-triazole
3.2.2 Benzotriazole-acrylate synthesis
Preparation of a benzotriazole functionalized monomer was sought by coupling
benzotriazole-5-carboxyxlic acid (BtCOOH) to hydroxybutyl acrylate. The first attempts were
via dicyclohexyl carbodiimide(DCC)/N,N-dimethylamino pyridine (DMAP) coupling in a
mixture of dichloromethane and dimethylformamide (DMF) (required to dissolve BtCOOH).
However, the results were a mixture of side products and insoluble solids, which often occur
when performing the reaction in polar solvents.'^ As shown in Scheme 3.3, the first step in
carbodiimide coupling is the reaction of the carboxylic acid with the carbodiimide to form an O-
acylisourea, A. In non-polar solvents such as dichloromethane A is relatively stable and remains
active for subsequent reaction with an alcohol or amine, however, in polar solvents such as DMF
and water A quickly degrades to the acylurea species, B, which is unreactive. To circumvent this
problem, hydroxybenzotriazole (HOBt) has been implemented.'^" The reaction between A and
HOBt is nearly instantaneous resulting in the acyl substituted benzotriazole, C, and urea, D,
avoiding degradation to B. In conjunction with l-Ethyl-3-(3'-dimethylaminopropyl)carbodiimde
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(EDAC), HOBt allows the use of polar solvents in carbodiimide coupling. Applying the reaction
conditions reported in US Pat. Appl. 20030229120 (Scheme 3.4), the formation of the desired
benzotriazole functional aerylate monomer 17 was possible, however, the maximum yield
obtained was 21%, making this synthetic route unfavorable. The low yield of 17 is attributed to
competition between the primary alcohol on hydroxybutyl acrylate and the nitrogen in the
benzotriazole for the activated carboxylic acid during the carbodiimide coupling. Subsequent
attempts to protect the nitrogen in BtCOOH at the 1 position with Troc-Cl were not successful, in
all cases an insoluble brown precipitate is recovered. Therefore, preparation of benzotriazole
functionalized acrylates was not pursued further.
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Scheme 3.3. The role ofHOBt in carbodiimide coupling
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Scheme 3.4. EDAC coupling of benzotriazole-5-carboxylic acid and hydroxybutyl acrylate
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Preparation of 3H-benzotriazole-5-carboxylic acid 4-acryloyloxy-butyl ester (17). In a 250
mL, 2-neck, round bottom flask, bcnzotriazoIe-5-carboxylic acid (856 mg, 5.25 mmol),
hydroxybcnzotriazole (715 mg, 5.29 mmol), l-ethyI-3-(3'-dimcthylaminopropyl)carbodiimdc
(1000 mg, 5.21 mmol), and 17 mL of dimethylformamidc were added and dissolved under
nitrogen. The mixture was stirred for 1 hour at room temperature. Hydroxybutyl acrylate (757
|aL, 5.25 mmol) was added dropwise to the solution, followed by stirring for 16 hours at 50 °C.
The reaction was ended by addition of 70 mL of 1.0 M HCl and 35mL of ethyl acetate and stirred
vigorously for 30 minutes. The two layers were separated, and the aqueous layer was rinsed with
another 35 mL of ethyl acetate. The organic layers were combined, dried with magnesium
sulfate, decolorized with activated carbon, and filtered. Solvent was removed under reduced
pressure to give a pale brown liquid. Purification was performed by flash chromatography using
ethyl acetate/hexane (7/3) to give 17 as a pale yellow oil (307.2 mg, 21% yield). 'H-NMR
(CDCI3) 6 1.92 (4H, m), 4.28 (2H, t), 4.60 (2H, t), 5.83-5.87 (IH, dd), 6.10-6.19 (IH, m), 6.40-
6.48 (IH, dd), 8.00 (IH, d), 8.25 (IH, d), 8.77 (IH, s).
3.2.3 1,2,3-Triazole synthesis
Preparation of a 1,2,3-triazole monomer was also pursued. The most common method for
preparation of 1,2,3-triazoles is the [3+2] cycloaddition of an azide with an aUcyne.'^" In recent
years, mild reaction conditions have been perfected using copper sulfate and sodium ascorbate in
alcohol/water mixtures, the yields are generally high and the reaction is versatile enough to be
grouped in the category of "click" reactions defined by Sharpless and exploited in polymer
synthesis by Wooley.'^ '^ However, successful "clicking" is achieved only using organic azides
and/or activated alkynes (electron withdrawing groups adjacent to the triple bond) resulting in N-
substituted 1,2,3 triazoles. N-unsubstituted 1,2,3-triazoles can be prepared by [3+2]
cycloaddition using terminal alkynes and hydrazoic acid or trimethylsilyl azide followed by
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removal of the trimethylsilyl group. Both of these routes present difficuhies, hydrazoic acid
is a highly toxic and explosive gas and use of trimethylsilyl azide requires high temperature
(~160 °C) reaction conditions. Recently, Yamamoto has reported the preparation of N-
unsubstituted 1,2,3-triazoles in good yields via terminal alkynes and trimethylsilyl azide in the
presence of copper (I) iodide and methanol at 100 °C.~° Copper iodide activates the terminal
alkyne towards cycloaddition and methanol hydrolyzes trimethylsilyl azide to hydrazoic acid in-
situ which quickly reacts with the activated alkyne to form the N-unsubstituted 1,2,3-triazole
directly. The preparation of 5-(n-hydroxybutyl)- 1,2,3-triazole (18) was carried out successfully
in good yield reacting 5-hexyn-l-ol and trimethylsilyl azide using the conditions outlined by
Yamamoto (Scheme 3.5).
I
+ N=N=N-Si—
DMF/MeOH (9/1)
12h,100C 18(75%)
Scheme 3.5. Preparation ofAH- 1,2,3-triazoles via trimethylsilyl azide
Preparation of 5-(n-hydroxybutyl)-1,2,3-triazole (18). To a heavy walled, 20 mL, glass
reaction vessel, equipped with a stir bar, was added 5-hexyn-l-ol (1 10 uL, 1.0 mmol), copper(I)
iodide (9.6 mg, 0.05 mmol) and 2.0 mL dimethylformamide/methanol (9/1). The vessel was
purged with nitrogen for 5-10 minutes followed by the addition of trimethylsilyl azide (200 uL,
1.5 mmol). The vessel was purged for an additional 2 minutes then sealed and heated to 100 °C
for 12-24 hours. The reaction vessel was removed from heat and allowed to cool. The dark
brown slurry was filtered through celite to remove any solid then concentrated by removal of any
residual methanol under reduced pressure. The resulting solution was poured into an excess of
ethyl acetate/hexanes (1/1) and stirred for 15 minutes, a brown precipitate/insoluble viscous
liquid formed and was removed by filtration through celite. Solvent was removed under reduced
pressure to give a yellow oil. Purification was performed by flash chromatography using ethyl
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acetate/mcthanol (9/1) to give 18 (105.7 mg, 75%). 'H-NMR (DMSO-dft) 5 1.42 (2H, quin), 1.60
(2H, quin), 2.56 (2H, t), 3.42 (2H, t), 4.40 (IH, s), 7.53 (IH, s), 14.5-15.0 (IH, d).
Although preparation of 18 was successful on a small scale, increasing the batch size proved
difficult due to the necessity of using a heavy walled glass pressure tube, therefore, several small
batches were prepared and combined. The increased amount of material would allow trial
protection of the triazole NH prior to coupling the alcohol to acryloyl chloride to make a triazole
functional acrylate monomer. However, during the time needed to prepare several grams of 18,
Sharpless reported the preparation of A'H-l,2,3-triazoles via "click" of terminal alkynes with
azides of base labile protecting groups.^ The reported synthesis offered a more attractive
synthetic route to A^- 1,2,3 -triazole functional monomers since the reaction could be easily scaled
and the protected 1,2,3 -triazole is formed as an isolable product, eliminating the need for
protection of 18. All 1,2,3-triazole functional materials reported from this point forward in the
thesis have been prepared via the use of "click" of terminal alkynes with azides of common
organic protecting groups.
3.3 NH- 1,2,3-triazole acrylate polymer and copolymers
As a natural extension of the work presened in chapter 2, the combination of a low Tg
backbone with the smaller, more mobile, weakly basic heterocyclic motif, A^- 1,2,3-triazole to
increase the proton mobility within the resulting polymer membrane is explored. In addition to
homopolymer, a series of copolymers with an increasing proportion of plasticizing side chains
(poly(ethylene glycol)) allows for probing the influence of inert flexible groups on proton
conductivity while exploring the effect of substituting benzimidazole by 1,2,3-triazole as the
proton carrier.
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3.3.1 Monomer synthesis
The synthesis A'H-l,2,3-triazole functional acrylate monomer, 20, was achieved in three
steps, Scheme 3.6. Acryloyl chloride was reacted with 5-hexyn-l-ol in dichloromethane to yield
5-hexyn-l -acrylate, 19. The [3+2] cycloaddition of 19 with azidomethyl pivalate (prepared
according to literature reports) was carried out under common "click" conditions (Cu(II) sulfate
and sodium ascorbate in water/alcohol mixtures) to afford the pivaloyloxymethyl (POM)-
protected 1,2,3-triazole. Removal ofPOM was accomplished with 0.1 M NaOH/MeOH to yield a
mixture of compounds 20 and 21. The methanol substituted triazole (21) is thought to be a result
of the reaction between the cleaved triazoyl anion and formaldehyde (both formed during
deprotection). Given the similarity in retention factor between the two products, 21 could not be
separated by column chromatography. The presence of the free N// triazole was confirmed using
'H NMR spectroscopy by the disappearance of signals at 5 1.11 and 5 6.26 ppm, corresponding to
the protons in POM, a shift of the proton on the heterocycle ring from 5 7.99 ppm to 5 7.60 ppm,
and the appearance of a new peak at 6 14.60 ppm corresponding to the triazole N//. Initially, the
deprotection was performed on a small scale (0.7 g) yielding only 4 mol% of byproduct 21;
however, upon scale-up it became exceedingly difficult to produce monomer with less than 27
mol% of 21. A copolymer was made using a monomer mixture containing 27 mol% of 21.
Terpolymers of 20, 21, and poly(ethylene glycol) methyl ether acrylate (PEGMEA) were
prepared using a monomer mixture containing 27 mol% of 21. The influence of charge carrier
density was explored by preparing terpolymers with 4,20, and 27 mol% 21. Finally, the acid
doping study reported below was carried out using polymers prepared with 30 mol% of 21.
85
Jl
,0H +
CI
DCM, TEA
rt, overnight
i) CUSO4, NaAsc,
H2O/BUOH, rt, overnigh t
ii) 0.1 M NaOH/MeOH
19 (60%)
HO N^N
21
58% combined yield
Scheme 3.6. Synthesis of 1,2,3-triazole functional acrylate monomer via "click" conditions
Preparation of 5-hexyn-1-acrylate (19). To dichloromethane (DCM, 90 mL) in a 250 mL
round bottom flask was added 5-hexyn-l-ol (5.0 mL, 54.48 mmol) and triethylamine (6.12 mL,
83.82 mmol). The resulting solution was cooled in an ice bath, and acryloyl chloride (6.72 mL,
76.20 mmol) was added slowly. The reaction was left overnight with continuous stirring at room
temperature. The reaction was ended by addition of water, and the product was extracted with
DCM (50 mL) three times. The combined organic portion was dried over MgS04 and the
volatiles were removed in vacuo to yield 19 as a clear liquid (3.79 g, 46%). 'H-NMR (CDCI3) 5
6.38-6.43 (IH, d), 6.16-6.10 (IH, m), 5.84-5.81 (IH, d), 4.12 (2H, m), 2.27-2.22 (2H, m), 1.96
(IH, t), 1.86-1.78 (2H, m), 1.67-1.56 (2H, m). '^C-NMR (DMSO-da) 5 166.4, 149.0, 133.7,
130.8, 128.3, 64.1, 28.0, 25.5, 24.5. Mass spectrum m/z 195.2 (10, M^'), 140.0 (10), 123.0 (100),
95.0 (80), 82.0 (35), 55.1 (75).
86
Preparation ofAcrylic acid 4-(lH-[l,2,3]triazol-4-yl)-butyl ester (20) and Acrylic acid 4-(l-
hydroxymethyl-lH-[l,2,3]triazol-4-yl)-butyl ester (21). To a solution of 5-hexyn-l -aerylate (4.73
g, 31.16 mmol) in 20 mL t-BuOH/HaO (2/1), azidomethyl pivalate (AMP, 4.89 g, 31.16 mmol),
CuS04-5H20 (0.39 g, 3.11 mmol), and sodium ascorbate (0.62 g, 1.56 mmol) were added. The
solution was stirred at room temperature for 24 h. The product was extracted with ethyl acetate
(EtOAc, 50 mL), and washed with 5% aqueous ammonium hydroxide solution (3 x 50 mL) and
brine. The combined organic portion was dried over MgS04 and the volatiles were removed in
vacuo. The pivaloyloxymethyl (POM)-protected acrylate (5 g) was treated with 0.1 M
NaOH/MeOH (178 mL, 1.1 eq.). The solution was stirred at 0 °C for 10 min, and then was
neutralized with 1.0 M HCl to pH 6-7. The product was extracted with DCM, and dried over
MgS04. The volatiles were removed in vacuo. The crude product was further purified by column
chromatography, using hexane:EtOAc (1 : 1) as an eluent, to yield a mixture of products 20 and 21
as a clear hquid (1.82 g, 58% yield). 'H-NMR (DMSO-de) 6 14.60 (IH, s), 7.60 (IH, s), 7.1 1 (IH,
s), 6.29-5.94 (3H, m), 5.56 (2H, m), 4.12 (2H, t), 2.67 (2H, t), 1.65 (4H, m). '^C-NMR (CDCI3,)
5 166.1, 130.5, 128.4,83.7,68.7,63.9,27.5,24.8, 17.9. Mass spectrum m/z 153.2 (3, IVT*), 141.1
(100), 133.0 (10), 129.1 (5).
3.3.2 Polymerization
Random copolymer and terpolymers with compositions varying from 0 to 52% of PEGMEA
were prepared (Scheme 3.7). All polymerizations were carried out for 30 min at 60 °C in DMSO
at a total monomer concentration of 1 .0 M, initiated with AIBN (2 mol% ). Given the complexity
of the repeat units a general nomenclature will be used to distinguish polymer structure. The
polymers are designated as T5A-/-wPEG, where / is mole percent of (21) in the monomer mixture
of (20) and (21) and m is mole percent of PEGMEA incorporation. It was found that after fully
drying the resulting polymers, dissolution in any solvent became difficult; therefore, the
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compositions of wet terpolymers were determined by 'H NMR, neither ethyl acetate nor hexane
chemical shifts interfered with the analysis, a representative analysis is shown in Figure 3.3. The
ratio of the integrated area of the methylene protons adjacent to the ester at 3.92 ppm and the
methyl protons at the end of the PEGMEA chain is calculated to determine the extent of
PEGMEA incorporation, as shown in Table 3.1, incorporation closely follows the feed ratio (all
NMR analyses are in Appendix C). Molecular weight determination of T5A-27-30PEG was
attempted by GPC; however, the polymer was adsorbed to the column complicating a reliable
comparison with the calibration data.
20 + 21 +
2 mol% AIBN
Q 60 C, 30 min
[M]=1M
Scheme 3.7. Polymerization of 1,2,3 -triazole fiinctional acrylates and copolymerization with
PEGMEA
Generalprocedurefor co- and ter-polymerizations. The random copolymerization of 20 and
21 and terpolymerization of 20, 21, and PEGMEA were carried out in DMSO (~1 M) with AIBN
(2 mol%) as the initiator in air-free glassware. Following three cycles of freeze-pump-thaw, the
solution was stirred at 60 °C for 30 min. The resulting polymers were precipitated in a mixture of
hexane and EtOAc (1:1), and dried under vacuum at 45 °C for 2 d.
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Figure 3.3. Representative determination ofPEGEMA incorporation by 'H-NMR
3.3.2.1 Polymer characterization
Decomposition temperatures of all copolymers and terpolymers were determined by
thermogravimetric analysis (TGA). Samples were heated at a ramp rate of 10° C/min from 25 °C
to 600 °C under a nitrogen atmosphere, onset of decomposition is reported as the temperature
corresponding to 5% weight loss (Table 3.1). Weight loss vs. temperature for all copolymers is
shown in Figure 3.4, all polymers were thermally stable up to approximately 220 °C, and thermal
decomposition onset temperature increased with the degree of incorporation of PEGMEA. The
decomposition of the copolymer proceded in two steps, while that of the terpolymers proceeded
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in three steps. The second weight loss of the terpolymers was attributed to the loss of PEGMEA
segments.
Glass transition temperatures for the polymers were obtained by differential scanning
calorimetry (DSC). Samples were
cycled at a ramp rate of 10 °C/min
between -^0 °C and 180 °C, the first
cycle was used to erase thermal history
and the second cycle was used to
determine Tg values from the heating
curves, values are reported in table 3.1.
U-^T 1 1 1 1 1 1 1 1 < 1 1
1
100 200 300 400 500 600 700
Heat flow vs. temperature traces for all Temperature (C)
polymers is shown in Figure 3.5. As Figure 3.4. TGA traces for T5A co- and ter-polymers
expected, Tg decreases with addition of PEGMEA. The traces showed that polymers T5A-27,
T5A-27-13PEG, T5A-27-22PEG, and T5A-27-30PEG were flilly amorphous and displayed a
single Tg, whereas polymer T5A-27-52PEG was semicrystalline and displayed a melting peak at
9°C with AHn, of3.9 J/g.
Table 3.1. Polymerization results and polymer properties for acrylate-triazole materials
PEGMEA PEGMEA in Decomp. Weight %
Polymer in feed polymer Te (°C) Temp (°C) triazole
T5A-27 0 0 16 230 25.5
T5A-27-13PEG 10 13 -3 235 18.4
T5A-27-22PEG 20 22 -19 240 15.0
T5A-27-30PEG 30 30 -29 245 12.5
T5A-27-52PEG 50 52 -43 250 7.4
T5A-4-30PEG 30 30 -24 NA 23.6
T5a-20-30PEG 30 30 -28 NA 13.8
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T5A-27
T5A-27-13PEG
T5A-27-22PEG
T5Ar27-52PEG
^ Lip Temperature (°C)
Figure 3.5. DSC traces for T5A co- and ter-polymers
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3.3.3 Acrylate triazole polymer conductivity
Conductivity as a function of temperature was obtained using ac impedance spectroscopy.
Measurements as a function of temperature upon cooling from 200 °C were performed under
vacuum to assure an anhydrous environment. Samples of all T5A-/-wPEG polymers were
determined to be solvent free by 'H-NMR. The Tg's of all the materials were too low to prepare
free standing membranes that could be easily handled, therefore, a small amount of each polymer
was pressed between two blocking electrodes. Sample thickness was determined by the
difference in length of the electrodes before and after sample loading.
3.3.3.1 Proton conductivity as a function of polymer composition
The composition of the triazole containing polymers was varied in order to study the effects
of charge carrier density, polymer matrix mobility and heterocycle nature on the proton
conductivity of the resulting materials. The different compositions were designed to isolate each
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effect from the other structural factors and general trends and interesting observations can be
extracted through methodical examination of the results.
3.3.3.2 Charge carrier density
The effect of charge carrier density on proton conductivity was examined originally via two
avenues, doping of triazole rings with a strong acid and substitution of triazole motifs by low
molecular weight polyethylene glycol. However, an additional approach was derived from the
synthetic strategy, which generated varying amounts of N-methyl hydroxyl susbstituted triazole,
21, as a co-product.
The effect of N-methyl hydroxyl susbstituted triazole on the proton conductivity (a) is
illustrated in a log(a) vs. 1000/K plot with B5A-35PEG shown for comparison (Figure 3.6a). The
Temperature (C)
220 200 180 160 140 120 100 80 60 40
2.0 2,2 2 4 2 6 2 8 3 0 3 2 3 4 40 60 80 100 120 140 160 180 200 220 240
a) 1000/K I,) T-T^(C)
Figure 3.6. a) Conductivity of T5A terpolymers with increasing triazole content as a function of
temperature, b) Normalized log(o) versus T-Tg plot for T5A terpolymers with increasing triazole
content
conductivity increases approximately an order of magnitude throughout the studied temperature
range when the fraction of N-methyl hydroxyl susbstituted triazole decreased from 27 mol% to 4
mol%. Values for T5A-4-30PEG are 0.62 ^iS/cm at 80 °C and 17.8 ^S/cm at 200 °C, spanning
1.5 orders of magnitude, an improvement over B5A-PEGMEA 35 which spans approximately 2.5
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orders of magnitude over the same range. It is expected that the conductivity would increase
further upon complete removal ofN-methyl hydroxyl susbstituted triazole. Figure 3.6b shows the
normalized log(a) versus T-Tg plot, a steady increase in conductivity at at given T-Tg is seen as
the amount of N-methyl hydroxyl susbstituted triazole is reduced. Due to the similar Tg values
for the three materials, this increased conductivity can be attributed to the increase in the charge
carrier density.
Insight into the effect of substituting the more basic benzimidazole by 1,2,3 -triazole as the
proton carrier can be obtained by comparing the conductivity of T5A-4-30PEG with that of B5A-
PEGMEA 35, an analogous benzimidazole polyacrylate described in chapter 2.'^' The
conductivity of T5A-4-30PEG is approximately 0.5 to 1.5 orders of magnitude higher than B5A-
35PEG at 200 °C and 80 °C respectively. The improved conductivity may be attributed to several
factors, the lower Tg of T5A-4-30PEG (-24 °C vs. 2 °C for B5A-35PEG), the decreased basicity
of the protonic charge carrier (pKa of 1,2,3-triazole - 9.2, pKa of benzimidazole - 13.2),'"^' and a
lower number of conformational changes necessary for proton hopping in 1,2,3-triazole vs
benzimidazole.^ These factors are intimately coupled in that altering only one can have
pronounced effects on the others; therefore, investigating each factor in a decoupled fashion
would be a formidable task. However, to investigate general trends in a parallel manner to the
benzimidazole-acrylate materials, the effect of systematic increases in PEG content as a means to
lower the polymer glass transition temperature and vary the charge carrier density are detailed in
section 3.3.3.3.
3.3.3.3 Influence of polyethylene glycol methyl ether acrylate side groups
A plot of log(a) vs. 1000/K is shown in Figure 3.7a for T5A-27 and the four PEGMEA
terpolymers prepared. Comparison of T5A-27 to B5A (Figure 3.7a) shows that while the
conductivity at temperatures above 120 °C is lower, there is a reduced temperature dependence
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with T5A-27 conductivity spanning only 3 orders of magnitude from 80 to 200 °C. The
approximately one order of magnitude conductivity difference at 200 °C is thought to be due to
the less than optimal charge carrier density caused by the presence of 21. The initial PEG
incorporation of 13 mol% provides a large initial decrease in the conductivity temperature
dependence and an associated conductivity increase over the entire temperature range with a
jump of nearly 1.5 orders of magnitude at 80 °C and -0.75 orders of magnitude at 200 °C.
Further increases in the amount of PEG resulted in small incremental improvements up to 30
mol% PEG where conductivity of 3.98 fiS/cm and 0.1 1 |^S/cm were observed at 200 °C and 80
°C respectively. A drop in conductivity upon reaching 52% PEG is most likely due to the lower
charge carrier density resulting from the high PEG loading.
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Figure 3.7. a) Conductivity of T5A terpolymers with increasing PEGMEA content as a function
of temperature, b) Normalized log(a) versus T-Tg plot for T5A terpolymers with increasing
PEGMEA content
A plot of log(o) vs. T-Tg for T5A and T5A-PEGMEA terpolymers (see Figure 3.7b) provides
qualitative insight into the effect of charge carrier reduction as a result of increased PEG loading.
The curves for T5A-27-13PEG, -22PEG, and, -30PEG converge around one curve and T5A-27
and T5A-27-52PEG converge around a second curve with slightly lower values. Incorporation of
PEG affects two competing factors that determine conductivity, Tg and charge carrier density,
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such that a decrease in Tg is accompanied by a decrease in charge carrier density. In studies where
benzimidazole is the protonic charge carrier, Tg reduction by incorporation of PEG results in
increased conductivity below 1 60 °C on an absolute scale, however, in a normalized T-Tg plot the
reduction in charge carrier density is evident from a stepwise reduction in conductivity given a
constant T-Tg value."'" In this case, where the heterocycle is 1,2,3-triazole, introduction of PEG
resulted in conductivity increases on both an absolute scale and a normalized T-Tg scale. This
implies that there may be a synergistic effect between PEG and triazole strong enough to improve
conductivity despite the reduction of the number of charge carriers. These observations suggest
that the chemical composition of the polymer backbone may have an appreciable effect on proton
transport. A similar effect has been observed for lithium conducting polymer systems where the
conductivity increases as the dielectric
constant of the polymer matrix increases."^ It
may be that incorporating a high dielectric
constant material (PEG) has a positive
influence on conductivity, a concept that will
be explored further using well-defmed
polymer structures in chapter 5.
3.3.3.3.1 VTF fitting and activation energy
2.2 2.4 2.6 2.8 3.0
As evidenced by the non-linear behavior iOOO/t [k ]
in the log(a) versus 1000/K plots, the Figure 3.8. VTF fits for T5A terpolymers
triazole-acrylate materials appear to follow
VTF behavior. Data was fitted to VTF according to Equation 2-3, with the resulting curves
shown in figure 3.8 and the apparent activation energy, 8a, values and associated errors listed in
Table 3.2. While it has been seen that the errors associated with data collected in chapter 2 were
large, the errors for the T5A polymers and copolymers fluctuate wildly, with % errors ranging
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from 3.1% to 42%. Due to the large errors in the VTF fits, no meaningful trends can be defined.
The underlying cause for the large fluctuations may a lack of an adequately large data set or the
unpredictability of residual N-methyl substituted 1,2,3-triazole in the polymer.
3.3.3.4 Trifluoroacetic acid doped materials
Due to difficulty dissolving fully dried polymers, "wet" polymers were used in the acid
doping study. The weight percent of polymer in a stock solution was determined by both 'H-
NMR and gravimetric methods. The values obtained were within 5% and the 'H-NMR data was
used to calculate the required quantities
of trifluoroacetic acid. A varying mole
% of TFA ranging from 20 to 130%
compared to moles of \H-\,2,3-
triazole content was added to a solution
of 30% PEGMEA terpolymer (contains
30 wt% of EtOAc) in MeOH(~50
mg/mL). The solution was stirred at
room temperature for 10 min, and then
dried under vacuum at 45 °C overnight.
Doping polymer T5A-30-28PEG
with TFA shows a significant increase in conductivity with up to 1.5 orders of magnitude
improvement depending on doping level (Figure 3.9). The introduction of acid to di-nitrogen
heterocyclic proton conducting polymers is well known to result in conductivity improvements,
however, the maximum effect in imidazole based systems is generally found at -15 mol% acid?^
In this case continued conductivity improvements were observed up to 100 mol% TFA, this may
be explained by the nature of the heterocycle. The addition of a third nitrogen provides an
additional proton acceptor site in the heterocycle, therefore even when the triazole is fiilly
Temperature (C)
220 200 180 160 140 120 100 80 60 40
1000/K
Figure 3.9. Conductivity of T5A-30-28PEG with
increasing amounts of TFA
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protonated, there are two proton donor sites and one proton acceptor allowing for a proton
pathway. Further addition of TFA (130 mol%) to the system resuUed in reduced conductivity,
supporting this argument. Interestingly, the addition of TFA to the polymers does not affect Tg
appreciably, with all values regardless of doping level within 5 °C of neat T5A-30-28PEG, Figure
3.10. The dramatic increase in conductivity and the temperature dependence of only 2 orders of
magnitude from 40 to 200 °C indicate that these triazole based proton conducting systems are
approaching a conductivity range that can be considered acceptable for fuel cell operation.
T5A-30-28PEG-80TFA
T5A-30-2ePEG-100TFA
-24-95*0(1)
''-K - -
|-.,^^^25^'C(I)
-24 e5°qi)
-24.B6'C(I)
l^-t
-2107*C(I)
Temperature (°C)
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Figure 3.10. DSC traces for T5A-30-28PEG TFA doped polymers
3.3.3.5 Nature of heterocycle and polymer matrix mobility
Although the effect of decreased heterocycle basicity on proton conduction was not able to be
isolated, direct replacement of 1,2,3-triazole for benzimidazole onto an acrylate backbone lead to
significant increases in chain mobility due to reduced Tg (Table 3.1). This may be attributed to
the large difference in meUing point of benzimidazole (177 °C) and 1,2,3-triazole (25 °C). The
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indication is that utilization of 1 ,2,3-triazole as the protonic charge carrier will produce inherently
more mobile polymeric systems, resulting in systems with reduced temperature dependence.
A systematic increase in the mole fraction of N//-triazolc results in steady conductivity
increases (Figure 3.6), however, it is striking that there is a minimal associated increase in Tg as
the charge carrier density increases, this is in contrast to the trend observed in benzimidazole
containing polymers. '"^ An interesting extension would be to investigate the effect of tether length
on conductivity in 1,2,3-triazole containing polymers, by reducing tether length the volume
fraction of charge carriers can be increased. In the case of benzimidazole and imidazole tether
length reduction results in increased Tg and the conductivity displays an increase in temperature
dependence."^^'^ Given the observed low Tg with tethered 1,2,3-triazole, it may be possible to
increase the volume fraction of charge carriers without adversely affecting the temperature
dependence of the conductivity.
3.4. Summary
It was proposed that changing the heterocycle tethered to a polymer backbone would improve
anhydrous proton conduction, specifically, adding one additional nitrogen atom to imidazole
reduces the pKa of the vVH approximately four to five orders of magnitude. It was theorized that
the reduced bacisity of the heterocycle would result in greater self-dissociation leading to an
increased charge carrier density and improved conductivity. A polyacrylate backbone was
pursued to allow for direct comparision to results reported in chapter 2 and three alternate
heterocycles were chosen for investigafion, 1,2,4-triazole, 1,2,3-triazole, and benzotriazole.
Synthetic difficulties were encountered during the synthesis of acrylate monomers containing
1,2,4-triazole and benzotriazole. Both the Pellizzari reaction to form 1 ,2,4-triazoles and
modification of commercially available 1 ,2,4-triazoles resulted in poor yields of the desired
products. Attachment of benzotriazole-5-carboxylic acid to hydroxybutyl acrylate was
accomplished via carbodiimide coupling but poor yields were obtained. Substituted 1,2,3-
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triazoles where polymerizable functionality could be attached were prepared in good yields by
two different synthetic routes, both involved the [3+2] cycloaddition of an alkyne and azide. The
first method involved reacting a terminal alkyne with trimethylsilyl azide under pressure in the
presence of methanol, while the yield was good, the resulting triazole required protecting at the
IN position to allow further modification. The second method utilized typical "click" conditions
with a terminal alkyne and the azide of a base labile protecting group resulting in the formation
and isolation of a IN protected triazole. The elimination of the protection step and the synthetic
ease and scalability of the second method made it the preferred synthetic route to 1,2,3-triazole
monomers which will also be utilized in subsequent chapters.
Random copolymers and terpolymers of 1,2,3-triazole-containing acrylate and PEGMEA
were synthesized and characterized. A comparison of the conductivity of the 1,2,3-triazole based
polyacrylate with 30% PEGMEA with the benzimidazole analog provided a route to probe the
effect of using the more weakly basic 1,2,3-triazole as the proton carrier. The triazole containing
polyacrylate showed a higher proton conductivity and a less pronounced conductivity temperature
dependence than the corresponding benzimidazole polyacrylate. This can be attributed in part to
the lower pKa of 1,2,3-triazole, but may also be due to the smaller size and low melting point of
the heterocycle itself. A more detailed study focused on decoupling basicity from the chemical
structure through selective modification of the 1,2,3-triazole electronic structure may provide
insight into the effect of pKa on conductivity.
The conductivity increases as a function of absolute and a normalized temperature as
PEGMEA incorporation increases until reaching a limit at 30 mol%. This finding indicates that
Tg reduction with PEG in 1,2,3-triazole systems can counteract the associated reduction in charge
carrier density. The lower conductivity observed for terpolymers with higher PEGMEA fractions
suggests that at those compositions the decrease in charge carrier concentration becomes the
limiting factor for proton transport over the backbone mobility. Doping the polymers with TFA
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resulted in further conductivity increases ranging from 0.5 to 1.5 orders of magnitude compared
to the undoped membranes.
Though the 1,2,3-triazole containing polyacrylates described can only be regarded as model
systems due to the ester linkage, the trends observed in this study should translate to better-
defined, chemically stable backbones. Styrenic monomers with tethered 1,2,3-triazoles may
function to eliminate the chemical vulnerability of polyacrylates and offer a potential route to
well-defined polymer and block copolymer structures. The preparation and characterization of
triazole flinctionalized styrenic monomers and polymers is outlined and discussed in chapter 4.
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CHAPTER 4
POLYSTYRENE TYPE MATERIALS CONTAINING TETHERED 1,2,3-TRIAZOLE UNITS
In chapter 3 1,2,3-triazole functional acrylate polymers and copolymers with polyethylene
glycol side chains were prepared and characterized to explore anhydrous proton transport beyond
dinitrogen heterocycles. The conclusions were that 1,2,3-triazole performs well as a protonic
charge carrier, providing the benefits of minimal impact on polymer Tg and reduced apparent
activation energy over benzimidazole analogs. Optimization of the conductivity could be
achieved by maximizing the density of "free" 1,2,3-triazole, while further increases in
conductivity were gained by introducing poly(ethylene glycol) (PEG) side chains and doping with
trifluoroacetic acid. Two major drawbacks to the acrylate based materials are 1) the hydrolytic
cleavage of the ester linkage will limit the applicability in actual fuel cell use, and 2) the presence
of N-methanol substituted triazole as a co-product of the monomer synthesis which prevents
maximizing the charge carrier density of the system. Both issues can be resolved by simply
changing the monomer and hence the polymer backbone to a more chemically robust
functionality. Improved pivaloyloxymethyl (POM) removal conditions can be implemented,
eliminating the N-methanol triazole side product. Also, a chemically and thermally stable
polymer backbone allows for the possibility of using the polymers in a membrane electrode
assembly (MEA) for fuel cell testing. Building off the work presented in chapter 3, the
preparation of thermally and hydrolytically stable polymers that contain 1,2,3-triazole moieties
attached via a flexible tether were pursued.
This chapter will detail the synthesis of two types of triazole functionalized monomers,
cyclooctene (COE) and styrene. In section 4.2, a 1,2,3-triazole functionalized cyclooctene is
synthesized, with the anticipation that ring-opening metathesis polymerization followed by
hydrogenation could offer a route to 1,2,3-triazole functionalized polyethylene (PE).
Unfortunately, ROMP of the prepared monomer was unsuccessful. However, an alternate route is
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proposed to obtain the desired materials. The preparation and characterization of several 1,2,3-
functionlized styrene monomers is presented in section 4.3. The benefit of exploring styenic
monomers is versatility in polymerization, living free radical polymerization techniques such as
nitroxide mediated, atom transfer radical polymerization (ATRP), and reversible addition-
fragmentation transfer (RAFT) can all be utilized with styrene to produce well-defined polymers,
copolymers, and block copolymers.'"^ While the styrenic materials prepared presented some
thermal stability issues and resulted in limited system mobility due to high Tg values, valuable
insight into the nature of proton conduction in 1,2,3-triazole based systems was gained by
determining the X-ray crystal structure of a styrenic monomer.
4.1 Experimental
4.1.1 Materials
1,5-Cyclooctadiene, w-chloroperoxybenzoic acid, 1.0 M lithium aluminum hydride in ether, 6-
chloro-l-hexyne, methane sulfonyl chloride, sodium hydride, copper (II) sulfate petahydrate,
magnesium turnings, acetoxy styrene, cesium fluoride, trimethyl(trifluoromethyl)silane, iron (III)
chloride, tetramethylethylenediamine, tetrabutylammonium fluoride, 2,2'-azobis(2-
methylpropionitrile) (AlBN), Grubbs first and second generation catalyst, ethyl vinyl ether,
anhydrous DMF, DMSO, and t-butyl alcohol were obtained from Aldrich Chemical and used as
received. Potassium hydroxide and sodium ascorbate were obtained from Fisher Scientific and
used as received. Triethylamine was obtained from Aldrich Chemical and dried over molecular
sieves prior to use. Tetrahyrofuran was obtained from Aldrich Chemical and distilled over
Na/benzophenone prior to use. Solvents were obtained from VWR and used as received.
Azidomethyl pivalate and Grubbs third generation catalyst were prepared according to literature
reports.'*'
^
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4.1.2 Instrumentation
'H-NMR (300 MHz) and '^C-NMR (75 MHz) spectra were obtained on a Bniker DPX-300
NMR Spectrometer with the samples dissolved in either chloroform-d (CDCI3) or dimethyl
sulfoxide-d6 (DMSO-de). Unless otherwise noted, all NMR spectra can be found for reference in
Appendix D. Thermogravimetric analysis (TGA) was carried out using a Perkin Elmer TGA 1
thermogravimetric analyzer at a heating rate of 10 "C/min from room temperature to 700 "C under
air purge. Glass transition temperatures were obtained by differential scanning calorimetry
(DSC) using a Perkin-Elmer Diamond DSC or TA Instruments Dupont DSC 2910. Samples were
analyzed at a heating rate of 10 °C/min from 0 °C to 200 °C under a flow of nitrogen (50
mL/min). Electrochemical impedance data was obtained using a Solartron 1287
potentiostat/1252A frequency response analyzer in the 0.1 Hz to 300 kHz range. X-ray data were
collected using a Nonius kappa-CCD diffractometer with MoKa (>.=0.71073 A) as the incident
radiation. Diffraction data were collected at ambient temperature. The raw data were integrated,
refined, scaled, and corrected for Lorentz polarization and absorption effects, if necessary, using
the programs DENZO and SCALEPAK, supplied by Nonius. Structure solutions and refinements
were done (on Fo") using programs such as SIR97, LSQ, SHELXS and SHELXL that are
contained within the Nonius MAXUS module and the WinGX suite.^ All structures were
checked for any missing symmetry using MISSYM of PLATON. Mass spectral data were
obtained at the University of Massachusetts Mass Spectrometry Facility which is supported, in
part, by the National Science Foundation.
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4.1.3 AC impedance
Polymer conductivity (a) was determined using ac impedance methods, a detailed description
of the method, how it is applied to polymer electrolytes, and circuit models used to obtain the
data presented can be found in appendix A. The ac impedance measurements were performed
under vacuum to assure an anhydrous environment. Polymer membranes were pressed between
two blocking electrodes followed by application of 100 mV excitation voltage with a logarithmic
frequency sweep from 3x10^ Hz to 1x10"' Hz. Resistance values were taken at the minimum
imaginary response in a Z' versus Z" plot to determine conductivity in the low frequency limit.
Samples were heated to 200 °C and ac impedance data was obtained as a function of temperature
upon cooling.
4.2 1,2,3-Triazole functionalized cyclooctene
4.2.1 Monomer synthesis
A triazole functionalized cyclooctene monomer was obtained in five steps. Epoxidation of
1,5-cyclooctadiene with m-chloroperoxybenzoic acid yielded cyclooctene monoepoxide (22) in
fair yield, which was subsequently reduced to 4-cycloocten-l-ol (23) with lithium aluminum
hydride (LAH), see Scheme 4.1a.^ Attempts to couple 23 with 6-chloro-l-hexyne via a
Williamson ether synthesis failed (Scheme 4.1b), presumably due to the decreased reactivity of
the secondary alkoxide formed by deprotonation of 23. Therefore, the methanesulfonic ester of
5-hexyn-l-ol, 24, was prepared in good yield according to Scheme 4.1c, providing a better
leaving group than chloride. Addition of 24 to 23 in the presence of NaH and DMF produced 25
in fair yield which was reacted with azidomethyl pivalate under "click" conditions to give the
POM protected triazole functionalized cyclooctene, 26, Scheme 4.1d.'*
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Scheme 4.1. Synthetic route to a triazole functionalized cyclooctene monomer
Preparation ofcyclooctene monoepoxide (22). To a nitrogen-purged 1 000 mL round bottom
flask equipped with a stir bar and a 1000 mL addition fiirmel was added 1,5-cyclooctadiene
(24.74 mL, 0.20 mol). Under constant agitation, a solution of m-chloroperoxybenzoic acid (40.69
g, 0.24 mol) in chloroform (510 mL) was added over four hours. The reaction was allowed to stir
for 1 8 hours after which the white precipitate was filtered. The product solution was extracted
with 2 portions of 20% solutions of sodium bisulfite, sodium bicarbonate, and sodium chloride,
the recovered organic layer was dried with magnesium sulfate and filtered. Solvent was removed
under reduced pressure. Purification was performed by flash chromatography with hexane/ethyl
acetate (9/1) to yield 22 as a clear liquid (14.51g, 58% yield). 'H NMR (CDCI3) 5 5.80 (2H, m),
3.03 (2H, q), 2.45 (2H, m), and 2. 1 1 (6H, m).
Preparation of 4-cycloocten-l-ol (23). To a dry argon-purged 3-neck 500 mL round bottom
flask equipped with a stir bar and 50 mL addition funnel was added 22 (12g, 0.096 mmol) and dry
THF (89 mL). A 1.0 M solution of lithium aluminum hydride in ether (48.9 mL, 0.049 mol) was
added drop-wise to the reaction solution under constant agitation. After 18 hours, the reaction
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was halted by careful addition of water (200 mL). The resulting mixture was filtered and
extracted with ethyl ether (5 x 100 mL). The combined organic layers were dried with magnesium
sulfate, filtered, and solvent was removed under reduced pressure to yield 23 as a clear liquid
(11.14 g, 91% yield), which was used without further purification. 'H NMR (CDCI3) 5 5.6 (2H,
m), 3.74 (IH, m), and 2.5-1.25 (1 IH, m).
Preparation of methanesulfonic acid hex-5-ynyl ester (24). To a dry nitrogen-purged, two-
neck round bottom flask equipped with a stir bar and 10 mL addition funnel was added 5-hexyn-
l-ol (9.5 mL, 0.0852 mol), triethylamine (15.8 mL, 0.102 mol), and dichloromethane (72 mL).
The reaction solution was cooled to 0°C and methanesulfonyl chloride (8.23 mL, 0.106 mol) was
added drop wise under constant agitation. The reaction was allowed to continue for 10 minutes,
then halted by the addition of an excess of water (200 mL). The resulting mixture was washed
with dichloromethane (100 mL) and 1.0 M NaOH (100 mL), the organic layer was extracted,
dried with magnesium sulfate, and filtered. Solvent was removed under reduced pressure to yield
24 (12.Og, 80.6% yield) as a yellow liquid which was used without further purification. 'H NMR
(CDCI3) 5 4.24 (2H, t), 2.99 (3H, s), 2.41 (2H, m), 1.96 (IH, t), 1.86 (2H, m), and 1.30 (2H, m).
Preparation of 5-hex-5-ynyloxy-cyclootene (25). To a dry nitrogen-purged two-neck round
bottom flask equipped with a stir bar and 10 mL addition funnel was added sodium hydride
(2.04g, 0.0849 mol) and anhydrous DMF (79.9 mL). The reaction mixture was cooled to 0 °C
followed by drop-wise addition of 4-cycloocten-l-ol (3.22g, 0.0257 mol). The reaction mixture
was allowed to stir for 30 minutes followed by drop-wise addition of 24 (4.27g, 0.0243 mol).
The flask was allowed to come to room temperature and stir for 18 hours. The reaction was
halted by the careful addition of water (100 mL) and extracted from a large excess of water (500
mL) with dichloromethane (10 x 50 mL). The combined organic layers were dried with
magnesium sulfate and filtered. Solvent was removed under reduced pressure and purification
performed using flash chromatography with hexane/ethyl acetate (20/1) to yield 25 as a pale
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yellow liquid (2.59, 51.9% yield). 'H NMR (CDCI3) 5 5.61 (2H, m), 3.40 (3H, m), and 2.4-1.3
(17H, m).
Preparation of 2,2-Dimethyl-propionic acid 5-[5-(cyclooct-4-enyloxy)-pentyl]-[l,2,3]triazol-
1-ylmethyl ester (26). To a nitrogen-purged 100 mL two-neck round bottom flask was added t-
butanol/water mixture (2/1) (8.8 mL), 25 (0.60 g, 2.91 mmol), and 1.0 M Cu S04-5H20 (144 ^L,
0.14 mmol). The reaction mixture was allowed to stir for 10 minutes followed by addition of
freshly prepared 1.0 M sodium ascorbate solution (846 |iL, 0.846 mmol) and azidomethyl
pivalate (0.594 g, 3.78 mmol). The reaction mixture was vigorously stirred for 18 hours then
diluted with water (20 mL). The product was extracted with ethyl acetate (2 x 30 mL) and the
combined organic layers washed with 5% NH4OH then dried over magnesium sulfate and
filtered. Solvent was removed under reduced pressure and purification performed by flash
chromatography using hexane/ethyl acetate (3/1) to yield 26 as a pale yellow liquid (0.53g, 60.8%
yield). 'H NMR (CDCI3) 5 7.47 (IH, d), 6.11 (2H, d), 5.62 (2H, m), 3.39 (3H, m), 2.74 (2H, t),
2.4-1.1 (23H, m). '^C-NMR (CDCI3) 5 22.72, 25.40, 25.74, 25.86, 26.09, 26.87, 29.70, 33.50,
34.30, 38.83, 67.96, 69.64, 80.51, 122.10, 129.47, 130.13, 148.80, 177.86.
4.2.2 Polymerization of 26
In preparing 26, the POM protecting group was left in place to avoid potential interaction of
the ruthenium catalysts used for ring-opening polymerization (ROMP) with the N-H proton on
the triazole. Polymerization of 26 by ROMP was attempted using Grubbs 2"'' generation catalyst
(G2), since it is generally tolerant to more functional groups than Grubbs T' generation (Gl).^ It
is reported that ROMP of cycloctene and flinctionalized cyclooctenes generally requires high
monomer concentrations and monomer to catalyst ratios (> 500:1), therefore, initial trial
polymerizations were performed in dichloromethane at 2 M and 4 M monomer concentration and
monomer to catalyst ratio was held constant at 1000:1, entry 1 and 2 in Table 4.1.^ Reaction
vials were heated to 45 °C for up to 18 hours, however, polymerization was unsuccessful under
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these conditions. Several more polymerizations were attempted with the monomer essentially in
bulk using all three Grubbs catalysts at monomer to catalyst ratio of 1000:1, but again no
polymerization occurred, entries 3-5, Table 4.1. Three additional polymerizations were
performed, using G2 with a low monomer concentration (entry 6, Table 4.1), with an intermediate
monomer concentration (entry 7, Table 4.1), and with an intermediate monomer concentration
using DMF as the solvent (entry 8, Table 4.1), none of which resulted in polymerization.
Table 4.1. Conditions used for ROMP of 27 and CQE in the presence of 27
Entry 26 COE 27 Catalyst [M] Temp °C Polymerization?
1 200 mg G2 2 M 45 N
2 150 mg G2 4M 45 N
3 87 mg G2 40 M 45 N
4 150 mg 03 40 M 25 N
5 150 mg Gl 40 M 55 N
6 150 mg G2 0.28 M 45 N
7 100 mg G2 16 M 45 N
8 (DMF) 100 mg G2 16M 45 N
9 40 mg 100 mg G2 2M 45 Y
10 40 mg 100 mg 02 4M 45 Y
11 40 mg 100 mg 02 16M 45 Y
To determine if the POM protected triazole in 26 is interfering or interacting with the
catalyst, a model POM protected triazole compound, 27, was prepared (Scheme 4.2). Three
model polymerizations of cyclooctene in the presence of an equimolar amount of 27 were
investigated, details listed in Table 4.1 (entries 9-11). In all cases polymerization was successful
as evidenced by a rapid rise in viscosity within 10 minutes of adding the catalyst solution. The
results indicated that POM protected triazole does not interfere with G2 catalyst. Another
possibility is that there may be residual amounts of 25 remaining from the "click" reaction to
form the triazole. However, the presence of 25 was not detected in a '^C-NMR of 26, the
characteristic chemical shift for the alkyne in 25 at 5 66.81 (CDCI3) is not seen in any detectable
quantity. However, examination of the '^C-NMR of 26 (Figure 4.1) shows that there are many
unknown trace contaminants, any one of which may be contributing to the deactivation of G2.
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t-BuOH/water (2/1), 18 h
Scheme 4.2. Preparation of a model POM protected triazole
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Figure 4.1. 13C-NMR of 26, no traces of alkyne chemical shifts (5 66.81 or 5 80.35)
Given the difficulty purifying 26 and the unknown cause of the poor polymerization results,
preparation of triazole functional poly(cyclooctene) was not pursued further, however, a potential
solution to the problem may be to chelate the alkyne in 25 with Co(CO)6.^' '° In unpublished
work by Tew and co-workers, chelation of an alkyne ftinctionalized norbomene followed by
ROMP and then removal of the cobalt complex has produced alkyne ftinctionalized norbonene
polymers. The method could be used to prepare poly25 followed by post polymerization
formation of the 1,2,3-triazole ftinctionality.
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Preparation of2,2-Dimethyl-propionic acid 5-(4-chloro-butyl)-[l,2,3]triazol-l-ylmethyl ester
(27). To a nitrogen-purged 100 mL two-neck round bottom flask was added ethanol/water
mixture (1/1) (7.0 mL), 6-chloro-l-hexyne (0.50 g, 4.3 mmol), and 1.0 M Cu S04-5H20 (210 |iL,
0.21 mmol). The reaction mixture was allowed to stir for 10 minutes followed by addition of
freshly prepared 1.0 M sodium ascorbate solution (1.3 mL, 1.3 mmol) and azidomethyl pivalate
(0.88 g, 5.55 mmol). The reaction mixture was vigorously stirred for 18 hours then diluted with
water (20 mL). The product was extracted with ethyl acetate (2 x 30 mL) and the combined
organic layers washed with 5% NH4OH then dried over magnesium sulfate and filtered. Solvent
was removed under reduced pressure to yield 27 as a pale yellow liquid which was used without
further purification (0.784 g, 67%). 'H NMR (CDCI3) 5 7.55 (IH, s), 6.19 (2H, s), 3.55 (2H, t),
2.75 (2H, t), 1.83 (4H, m), 1.18 (9H, s).
4.3 1,2,3-TriazoIe functionalized styrene monomers and polymers
In this section preparation and characterization of styrenic polymers containing tethered
1 ,2,3-triazole moieties is presented. Three different styrenic materials were prepared, the first
contains the triazole tethered via a benzyl ether linkage which was synthetically easy to make,
however, thermal analysis of the polymer revealed that the benzyl ether was a weak linkage. This
lead to the preparation of two alternate styrene monomers where the triazole was linked via a
phenyl ether or an all carbon chain. Synthesis and characterization of all three materials is
detailed below.
4.3.1 Monomer synthesis
The preparation of the 1,2,3 -triazole functional styrenic monomer containing a benzyl ether
linkage (29) was performed as outlined in scheme 4.3. Williamson ether coupling of 5-hexyne-l-
ol and vinyl benzyl chloride was performed in dimethyl formamide (DMF) at 0 °C with an excess
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of sodium hydride to yield 28. Azidomethyl pivalate was reacted with 28 producing the triazole
ring in the presence of copper(II) sulfate and sodium ascorbate ("click" conditions) in a
water/alcohol (1/1) mixture followed by removal of the pivaloyloxy methyl (POM) protecting
group using methanol/28% ammonium hydroxide (3/1) to yield 29.^ "
i)2eq NaH, dry DMF, 0 C
") CI
o i) CUSO4, NaAsc,
water/EtOH (1/1), 18 h
ii) MeOH/28% NH4OH (3/1)
29(73%)
Scheme 4.3. Preparation of a triazole functionalized styrene containing a benzyl ether linkage
Preparation of l-Hex-5-ynyloxymethyl-4-vinyl-benzene (28). To a nitrogen purged 3-neck
round bottom flask equipped with a stirbar and two 25 mL addition funnels was added sodium
hydride (7.35 g, 0.306 mol). Anhydrous DMF (225 mL) was cannulated into the reaction flask.
The reaction flask was cooled to 0 °C in an ice bath. After drop wise addition of 5-Hexyn-l-ol
(16.85 mL, 0.153 mol) the reaction mixture was stirred for 30 minutes and allowed to come to
room temperature. Vinylbenzyl chloride (20.48 mL, 0.145 mol) was added dropwise under
constant agitation. The reaction mixture was allowed to stir for 2 hours and monitored by TLC
(Hexane/Ethyl acetate 95:5). The reaction was ended by addition of water (200 mL). The
product was extracted with dichloromethane (3 x 100 mL). The combined organic layers were
dried over magnesium sulfate and filtered; solvent was removed under reduced pressiu'e.
Purification was accomplished by flash chromatography (hexane/ethyl acetate 95:5) to give 28 as
a pale yellow oil (28 g, 90%). 'H-NMR (CDCI3) 5 1.62-1.79 (4H, m), 1.96 (IH, s), 2.23 (2H, t),
3.49 (2H, t), 4.50 (2H, s), 5.26 (IH, d), 5.74 (IH, d), 6.72 (IH, m), 7.27 (2H, d), 7.41 (2H, d).
'^C-NMR (CDCI3) 5 18.24, 25.30, 28.79, 68.46, 69.70, 72.62, 84.35, 113.73, 126.24, 127.83,
113
136.57, 136.91, 138.19. Mass spectrum m/z 214.30 (40, M+«), 187.0 (12), 155.0 (10), 131.0
(20), 117.0(1 00), 1 1 4.9 (20), 9 1 .0 ( 1 5).
Preparation of5-[4-(4-Vinyl-benzyloxy)-butyl]-lH-[l ,2,3]triazole (29). To a nitrogen purged
2-neck round bottom flask equipped with a stir bar was added ethanol/water (8/2) (2.25 mL), 1-
Hex-5-ynyloxymethyl-4-vinyl-benzene (0.25 g, 1.165 mmol), and CUSO4-5H2O (58 |iL of 1.0 M
solution, 0.058 mmol). After stirring for 10 min at room temperature, a freshly prepared 1.0 M
solution of sodium ascorbate (350 |iL, 0.35 mmol) was added followed by azidomethylpivalate
(0.24 g, 1.515 mmol). The reaction mixture was stirred vigorously for 18 h at room temperature,
TLC (ethyl acetate/hexane 1/1) showed the reaction at nearly complete conversion. The reaction
was diluted with water and the product extracted with ethyl acetate (3x10 mL). The combined
organic layers were washed with 5% NH4OH (2 xlO mL) and brine, dried over MgS04, and
filtered. Solvent was removed under reduced pressure. The concentrated sample was treated
with methanol/28% NH4OH (3/1) (1 1 mL) stirred for 1 8 hours, and neutralized with 1 .0 M HCl to
pH 8-9. The product was extracted with dichloromethane (3 x 25 mL), dried over MgS04, and
filtered. Purification was accomplished by flash chromatography (ethyl acetate/hexanes 1/1) to
give 29 as a pale yellow oil that solidified upon standing (219 mg, 73.4%). 'H-NMR (DMSO-dg)
5 1.53-1.70 (4H, m), 2.64 (2H, t), 3.43 (2H, t), 4.43 (2H, s), 5.22 (IH, d), 5.79 (IH, d), 6.67-6.77
(IH, m), 7.27 (2H, d), 7.43 (2H, d), 7.58 (IH, s), 14.3-15.0 (IH, broad d). '^C-NMR (DMSO d^)
5 24.51, 25.68, 28.76, 69.29, 71.52, 114.05, 126.03, 127.65, 131.97, 136.40, 138.44, 146.91.
Mass spectrum m/z 257.30 (20, M+«), 140.1 (12), 117.1 (100), 96.1 (90), 91.0 (20), 82.0 (20),
67.1 (15).
The 1,2,3-triazole containing styrenic monomer 32 containing a phenyl ether linkage was
prepared beginning with the hydrolysis of acetoxystyrene (scheme 4.4) to vinyl phenol (30)
followed by coupling to 6-chloro-l-hexyne in the presence of excess sodium hydride in DMF at 0
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°C to yield alkyne 31. Azidomethyl pivalate was "clicked" with 31 followed by POM removal
with methanol/28% ammonium hydroxide (3/1) to yield 32.
Preparation of 4-vinylphenol (30). To a 50 mL flask equipped with a stir bar was added 4-
acetoxystyrene (2.0 g, 0.012 mol) and water
(7.5 mL). Upon cooling to 0 °C, potassium
hydroxide (1.7 g, 0.0304 mol) was added with
constant agitation. The reaction mixture was
allowed to come to room temperature and
agitation was continued until the mixture
became homogeneous (about 3 hours)
followed by neutralization to pH 8 with 1 .0 M
HCl. The resulting precipitate was filtered,
washed with water, and dried in vacuo to yield
30 as a pale yellow solid (72.6%). 'H-NMR
(CDCI3) 5 4.89(1H, s), 5.12(1H, d), 5.59(1H,
Scheme 4.4. Preparation of a triazole
d), 6.67(1 H, m), 6.79(2H, d), 7.31(2H, d). functionalized styrene containing a phenyl
ether linkage
'-'C-NMR (CDCI3) 6 111.67, 115.34, 127.58,
130.64, 136.07, 155.15. Mass spectrum m/z 120.05 (100, M+»), 119.04 (22), 91.03 (32), 65.05
(10).
Preparation of l-Hex-5-ynyloxy-4-vinylbenzene (31). To a dry, nitrogen purged 100 mL
round bottom flask equipped with a stir bar was added sodium hydride (0.416 g, 17.34 mmol) and
anhydrous DMF (5 mL). After cooling the flask to 0 °C, 4-vinylphenol (1.04 g, 8.67 mmol)
dissolved in anhydrous DMF (5 mL) was added dropwise with constant agitation. The reaction
mixture was stirred for 30 min and allowed to come to room temperature followed by drop-wise
addition of 6-chloro-l-hexyne (1.0 mL, 8.25 mmol). Stirring at room temperature was continued
O
KOH, water, 50 C, 3hr
OH
30 (73%)
i) 2 eq NaH, dry DMF r.t.
ii) CI'
+ N.
31 (63%)
i) CUSO4, NaAsc,
water/EtOH (1/1), 18 h
ii) MeOH/28% NH4OH (3/1)
N=N
NH
32 (32%)
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for 5 days. The reaction was terminated by the addition of a large excess of water (500 mL). The
product was extracted with dichloromethane (5 x 30 mL), the combined organic layers were
washed with 20% NaOH (50 mL) to remove residual 4-vinylphenol, dried over magnesium
sulfate, and filtered. Solvent was removed under reduced pressure; purification was
accomplished by flash chromatography (hexanes/ethyl acetate 9/1) to yield 31 as a pale yellow
liquid (63.0%). 'H-NMR (CDCI3) 5 1.76(2H, quin), 1.96(3H, m), 2.29(2H, t), 4.00(2H, t),
5.11(1H, d), 5.59(1H, d), 6.66(1H, m), 6.84(2H, d), 7.33(2H, d). Mass spectrum m/z 200.28
(100, M+«), 120.0 (55), 91.0 (23), 81.0 (15).
Preparation of 5-[4-(4-Vinyl-phenoxy)-butyl]-lH-[l,2,3]triazole (32). To a nitrogen purged
2-neck round bottom flask equipped with a stir bar was added ethanol/water (8/2) (4.5 mL), 1-
Hex-5-ynyloxy-4-vinyl-benzene (932 mg, 4.66 mmol), and CUSO4-5H2O (232 fiL of 1.0 M
solution, 0.232 mmol). After stirring for 10 min at room temperature, a freshly prepared 1.0 M
solution of sodium ascorbate (1.40 mL, 1.4 mmol) was added followed by azidomethylpivalate
(960 mg, 6.06 mmol). The reaction mixture was stirred vigorously for 18 h at room temperature.
The reaction was diluted with water and the product extracted with ethyl acetate (3 x 50 mL).
The combined organic layers were washed with 5% NH4OH (2 x 50 mL) and brine, dried over
MgS04, and filtered. Solvent was removed under reduced pressure. The concentrated sample
was treated with methanol/28% NH4OH 3/1 (44 mL), stirred for 18 hours, and neutralized with
1.0 M HCl to pH 8-9. The product was extracted with dichloromethane (3 x 50 mL), dried over
MgS04, and filtered. Purification was accomplished by flash chromatography (ethyl
acetate/hexanes 1:1) to yield 32 as a white sohd (357 mg, 31.5%) 'H-NMR (DMSO d6) 5 1.74
(4H, m), 2.70 (2H, t), 3.99 (2H, t), 5.10 (IH, d), 5.62 (IH, d), 6.66 (IH, m), 6.90 (2H, d), 7.36
(2H, d), 7.61 (IH, s), 14.66 (IH, s broad). ''C-NMR (DMSO dft) 5 24.50, 25.88, 28.66, 67.57,
112.38, 114.91, 127.83, 130.13, 132.47, 136.57, 147.25, 158.91. Mass spectrum m/z 243.30 (25,
M+«), 124.1 (100), 120.0 (45), 91.0 (11), 82.0(12), 69.1 (10).
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Nal, Acetone, 60 C
Br
Mg, dry THF 33 (79%)
CsF (2 mol%), THF
MeaSi-CFa
35
MgBr
34(83%) Si-
FeCl3(5 mol%)
TMEDA (1 eq)
O
36(51%) ^TMS
i) TBAF, CUSO4, NaAsc,
water/THF(1/1), 18 h
ii) MeOH/28%NH40H(3/1)
Removal of ether linkages from the monomer was accomplished through Grignard coupling
as outlined in scheme 4.5. Halogen exchange
with sodium iodide in acetone at 60 °C
yielded 6-iodo-l-hexyne (33) from 6-chloro-
1-hexyne. A trimethyl silyl group was
attached to the terminal alkyne of 33 using
trimethyl(trifluoromethyl)silane in the
presence of a catalytic quantity of cesium
fluoride to yield 34.'' The Grignard coupling
was performed by reacting a freshly prepared
1.0 M solution of vinyl phenyl magnesium
bromide (35) with 34 in the presence of
iron(III) chloride and
37 (61 %)
tetramethylethylenediamine (TMEDA) to
Scheme 4.5. Preparation of a triazole
yield 36.'^ Subsequent removal of TMS with ft^nctionalized styrene containing an all carbon
linkage
tetrabutylammonium fluoride (TBAF) and
"clicking" of 36 with azidomethyl pivalate was performed in a one pot synthesis using THF/water
(1/1)'\ followed by POM removal using methanol/28% NH4OH (3/1) the conditions yielded the
styrenic-triazole monomer 37.
Preparation of 6-iodohexyne (33). To a 50 mL rb flask equipped with a stir bar was added
sodium iodide (4.4 g, 29.2 mmol), 6-chlorohexyne (2.0g, 17.2 mmol) and acetone (16 mL). The
mixture was heated to reflux with constant stirring and allowed to react for 2 days. Upon cooling
to room temperature, the reaction mixture was diluted with ether (32 mL) and washed with water
(2 X 25 mL). The organic layer was dried over magnesium sulfate, filtered, and solvent removed
under reduced pressure to yield 33 as a pale yellow liquid (79.0%). 'H-NMR (CDCI3) 5 1.65
(2H, quin), 1.97 (3H, m), 2.24 (2H, t), 3.22 (2H, t). '^C-NMR (CDCI3) 5 6.05, 17.35, 29.03,
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32.17, 68.86, 83.56. Mass spectrum m/z 207.97 (10, M+«), 126.9 (10), 81.0 (100), 79.0 (35), 53.1
(50).
Preparation of (6-Iodo-hex-l-ynyl)-trimethylsilam (34). To a clean, dry, 20 mL septum
capped vial equipped with a stir bar was added CsF (7.29 mg, 0.048 mmol). The vial was capped
and a nitrogen purge applied, while heating the bottom of the vial with a heat gun (30-60 s) to
remove excess water from the CsF. Upon cooling, 6-iodo-l-hexyne (0.5 g, 2.4 mmol) was added
via syringe followed by dry THF (9.6 mL). The reaction mixture was allowed to stir under
nitrogen purge for 10 min after which trimethyl(trifluoromethyl)silane was added via nitrogen
purged gastight syringe. Nitrogen flow was halted and the mixing was continued for 30 min.
The catalyst was removed by filtering the reaction solution through a celite pad and solvent
removed under reduced pressure to yield 34 in essentially pure form (560 mg, 83.3%). 'H-NMR
(CDCI3) 5 0.16 (9H, s), 1.64 (2H, quin), 1.95 (2H, quin), 2.27 (2H, t), 3.23 (2H, t). '^C-NMR
(CDCI3) 6 0.1 1, 6.23, 18.79, 29.17, 32.34, 85.16, 106.37. Mass spectrum m/z 280.0 (10, M+«),
265.0 (25), 222.9 (7), 194.9 (7), 153.1 (45), 137.1 (45), 109.0 (40), 93.1 (20), 73.0 (28), 59.1 (13).
Preparation of Trimethyl-f6-(4-vinyl-phenyl)-hex-l-ynylJ-silane(36) To a clean dry
scintillation vial equipped with a stir bar was added magnesium ribbon (73.7 mg, 3.00 mmol) and
a crystal of iodine. The vial was capped with a septum and purged with nitrogen. Bromostyrene
(357 |iL, 2.73 mmol) dissolved in dry THF (2.7 mL) was added dropwise with constant agitation.
After bromostyrene addition, the mixture was allowed to react for an additional hour to give a
~I.O M solution of vinyl phenyl magnesium bromide (35). In a second clean dry scintillation vial
equipped with a stir bar, 34 (280 mg, 1.0 mmol) and FeCls (500 fiL of a freshly prepared 0.1 M
solution in THF, 0.05 mmol) were added via a flame dried gas tight syringe. The mixture was
cooled to 0 °C and a mixture of 1.0 M 35 (1.25 mL, 1.25 mmol) and tetramethylethylenediamine
(181.0 ^iL, 1.2 mmol) were added dropwise under constant agitation. The mixture was allowed to
come to room temperature and mixed for 60 minutes. The reaction was ended by pouring the
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reaction mixture into an excess of 1.0 M HCl, followed by extraction with ether (3x15 mL), the
organic layers were combined and dried over magnesium sulfate, solvent was removed under
reduced pressure. Purification was accomplished by flash chromatography in hexanes to yield 36
as a clear liquid (1 15.60 mg, 50.9%) 'H-NMR (CDCI3) 5 0.16 (9H, s), 1.55 (2H, quin), 1.71 (2H,
quin), 2.25 (2H, t), 2.62 (2H, t), 5.20 (IH, d), 5.70 (IH, d), 6.71 (IH, m), 7.15 (2H, d), 7.33 (2H,
d). '^C-NMR (CDCI3) 5 24.01, 28.47, 30.43, 34.53, 113.25, 126.10, 128.54, 134.67, 136.54,
141.99. Mass spectrum m/z 227.14 (90, M+«), 198.11 (11), 176.11 (7), 142.16 (35), 117.05
(100), 96.05 (25), 83.02 (55), 82.02 (25).
Preparation of 4-[4-(4-Vinyl-phenyl)-butyl]-lH-[l,2,3]triazole(37). To a clean, nitrogen
purged 25 mL round bottom flask equipped with a stirbar was added 30 (464 mg, 1.8 mmol),
tetrahydrofuran (2 mL) and water (2 mL). To the stirring solution was added a 1.0 M solution
tetrabutylammonium flouride in THF (2.72 mL, 2.72 mmol), a 1 .0 M solution of CUSO4 in water
(90 |aL, 0.09 mmol), and a 1.0 M solution of sodium ascorbate in water (180 |iL, 0.18 mmol), and
finally azidomethyl pivalate (367 mg, 2.34 mmol). The heterogeneous mixture was stirred
vigorously for 5 hours. The reaction was ended by addition of water (5 mL) then partitioned
between water and ethyl acetate. The ethyl acetate layer was recovered and washed with 5%
NH4OH and brine (2 x 20 mL), dried over anhydrous MgS04 and filtered. Analysis by TLC
(ethyl acetate/hexanes 1:1) indicated complete consumption of the starting materials. Solvent
was removed under reduced pressure to yield a clear liquid. Pivaloyloxy methyl (POM) was
removed by adding methanol (5.4 mL) and 28% NH4OH (1.8 mL) and stirring for 18 hours
followed by neutralization to pH 8 with 1.0 M HCl and extraction with dichloromethane (5 x 10
mL). The combined organic layers were dried over anhydrous MgS04 and filtered, solvent was
removed under reduced pressure. Purification was accomplished by flash chromatography (ethyl
acetate/hexanes 1:1) to yield 37 as a white solid (248 mg, 61%). 'H-NMR (DMSO ds) 5 1.60
(4H, m), 2.58 (2H, quin), 2.65 (2H, quin), 5.17 (IH, d), 5.73 (IH, d), 6.76 (IH, m), 7.56 (IH, s).
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14.6 (IH, s, broad). Mass spectrum m/z 227.30 (85, M+«), 198.1 (10), 176.1 (7), 142.1 (30),
117.0(100), 96.0(22), 83.0(55).
4.3.2 Polymer synthesis and characterization
4.3.2.1 Polymer synthesis
Polymerizations of 29, 32, and 37 were performed in dimethylsulfoxide (DMSO) at 80 °C
for 2 hours using azobisisobutyronitrile (AIBN) as the initiator. Monomer concentration for all
polymerizations was kept constant at 1.0 M with AIBN at 2 mol %. The polymers were
precipitated in excess ethyl acetate/hexanes (1/1) to remove residual monomer and DMSO.
Yields ranged from 50 to 67%, as seen in Table 4.2. Polymer structures are shown in Scheme 4.6
with the nomenclature T5S-BE (benzyl ether linkage), T5S-PE (phenyl ether linkage) and T5S-C
(carbon linkage). Structure was confirmed by 'H-NMR. Molecular weight characterization was
attempted using gel permeation chromatography (GPC) using dimethyl formamide with 0.01 %
LiCl as the mobile phase, however, meaningful data was not obtained. This is most likely due to
strong interaction of the triazole functionality with the stationary phase.
Scheme 4.6. The resulting structures from polymerization of 29, 32, and 37
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4.3.2.2 Polymer characterization
The styrenic polymers T5S-BE, T5S-PE, and T5S-C, were analyzed by differential scanning
calorimetry (DSC) and thermogravimetric analysis (TGA) to determine Tg and thermal stability
respectively. Weight loss as a fiinction of temperature was examined by TGA at a heating rate of
10 °C/min from 25 °C to 700 °C in air,
weight loss as a function of temperature
for all three polymers is shown in Figure
4.2. The polymers do not display weight
loss upon heating until above 200 °C.
The decomposition temperature (Tj) was
defined as the temperature where 5%
weight loss occurs, values are listed in
Figure 4.2. TGA traces for T5S-BE, T5S-PE, and
Table 4.2. The DSC traces for T5S-BE T5S-C
and T5S-PE are shown in Figure 4.3, and the DSC trace for T5S-C is shown in Figure 4.4. Glass
transition values are listed in Table 4.2.
While the Tj values for all polymers are above 200 °C, further investigation into the thermal
stability was performed. The investigation was initiated aflter conductivity measurements of T5S-
BE were preformed. Attempts to obtain NMR
Table 4.2. Polymer yields and physical
data on T5S-BE after performing ac impedance properties
- T5S-BE
T5S-PE
- T5S-C
Temperarure (C)
up to 200 °C under vacuum revealed that the Polymer % yield T^ (° C) Td (° C)
T5S-BE 67 36 215
polymer was no longer soluble, indicating that T5S-PE 55 72 250
T5S-C 50 85 215
crosslinking had occurred. Isothermal heating
of T5S-BE under nitrogen by TGA at 200 °C for 15 minutes followed by FTIR analysis was
performed to investigate thermal changes that do not result in weight loss.
121
S 1 5
—
1 T5S-PE^^
\
V
-
-
_
—
—
—
H-
Tg HalfCp Exlrapolated = 71 34''C
Delta Co = D 355 J/a"C
I
\
\ . . ,
—
\
^
~ r
Tg Half Cp ExUaptilated = 36.55 'C
Delia Cp = 0.349
'
1
J/g"C
^-
Temperature CCj
Figure 4.3. DSC traces for T5S-BE and T5S-PE
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Figure 4.4. DSC trace for T5S-C
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4.3.2.2.1 Isothermal analysis
After isothermal heating, T5S-BE displays substantial changes in the FTIR spectrum as
shown by comparing before and after FTIR traces in Figure 4.5a, Additionally, T5S-BE becomes
insoluble after the heating cycle indicating that there is some physical crosslinking occurring
consistent with the original observation after ac impedance testing. A mechanism for the
crosslinking is proposed in Scheme 4.6, where the triazole ring can attack and cleave the benzyl
ether linkage in the side chain. Analysis by FTIR of the polymer before and after heating shows
evidence for the proposed mechanism (Figure 4.5a), the appearance of a strong peak at 1700 cm"'
indicates the formation of carbon nitrogen double bonds and peaks appearing at -1606 cm ',
-1276 cm ', and a peak disappearance at -1088 cm ' indicate shifts in the ring vibrations.'^ The
benzyl ether linkage was eliminated through preparation of T5S-PE and T5S-C, neither of which
display degradation when subjected to the same isothermal test. Comparison FTIR traces are
displayed in Figure 4.5b for T5S-PE and 4.5c for T5S-C.
Scheme 4.6. Proposed mechanism for thermal degradation/crosslinking of T5S-BE
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Figure 4.5. FTIR comparison of polymers before and after isothermal heating at 200 °C for 15
minutes, a) T5S-BE, b) T5S-PE, c) T5S-C
4.3.3 Polymer conductivity
4.3.3.1 Membrane preparation
Conductivity (a) as a function of temperature was obtained using ac impedance spectroscopy.
Measurements as a function of temperature upon cooling from 200 °C were performed under
vacuum to assure an anhydrous environment. Membranes of each polymer were prepared by
casting 1 5 wt% solutions of each polymer in DMSO onto a glass plate. Solvent was removed by
drying under vacuum for 1 8 hours at room temperature, followed by a methanol soak/wash (3 x I
min). The films were then dried under vacuum for an additional 1 8 hours at room temperature,
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followed by soaking in water to remove the films from the glass. The films were dried a final
time under vacuum for 1 8 hours at room temperature to remove any residual water. The resulting
membranes were brittle and had to be handled with care to prevent cracking. The membranes
were confirmed to be free of residual organic solvents by 'H-NMR.
4.3.3.2 T5S-BE conductivity data
A plot of log (a) versus 1000/K for T5S-BE is shown in Figure 4.6 with T5A-27 shown for
comparison. It was expected that
conductivity of T5S-BE would be improved Temperature (o
220 200 180 160 UO 120 100 80 60 40
-5 |i ' I I I ' I—I—I—1—I——I—I—I— 1 ' r
over T5A-27, however, as can be seen, the
conductivity of T5S-BE and T5A-27 are
nearly identical. This result was surprising
given the difference in active triazole
content between the two materials (T5A-27
has 73 mol% free triazole and T5S-BE ^^20 ' 2'2 ' 24 ' a'e ' 2'8 ' 30 ' 22 ' 34
1000/K
contains 100 mol%) but a more critical
Figure 4.6. Conductivity of T5S-BE as a
analysis of the data indicates it is not a good function of temperature as compared to T5A-27
comparison. As mentioned in section 4.3.2.2.1 T5S-BE was determined to be thermally unstable
at 200 °C by TGA analysis and while conductivity as a function of temperature curves were
reproducible, the values may not be optimal due to the unknown effect of the observed thermal
instability. Additionally, the Tg of T5S-BE is approximately 20 °C higher than T5A-27, which,
given the strong influence of mobility on conductivity (as observed in Chapter 2 section 2.2.3.2),
may also be contributing to the lower than expected conductivity.
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4.3.3.3 T5S-PE and T5S-C conductivity data
The log(a) versus 1000/K curves for T5S-PE and T5S-C are plotted in figure 4.7a, the
conductivity over the entire temperature range is lower than T5A-27, which is shown for
reference. It was expected that the conductivity would be higher than T5A-27 due to having a
triazole unit tethered onto each repeat unit, however, the Tg values of T5S-PE and T5S-C are
dramatically higher than T5A-27 (Figure 4.7a) which may account for the conductivity
diferences. However, when T5S-PE and T5S-C are compared to the benzimidazole
functionalized acrylate B5A (reported in chapter 2) it becomes apparent that there are most likely
other factors contributing to the low conductivity of the system. The comparison in Figure 4.7b
clearly shows that the conductivity of B5A is much higher than either styrenic material with a
maximum difference of approximately 1.5 orders of magnitude at 200 °C. Looking more closely
at B5A and T5S-PE, the curves cross such that conductivity of T5S-PE is higher than 85A below
100 °C, but lower than 85A above 100 °C and T5S-C conductivity is lower than 85A over the
entire probed temperature range. This is the case even though 85A has the highest Tg (88 °C) of
the three materials in Figure 4.7b, if mobility and mole fraction of charge carriers were the only
contributing factor to conductivity, both T5S-PE and T5S-C would track nearly the same as or
slightly higher than 85A. Regardless of the low conductivity results, use of 1,2,3-triazoles does
offer the following benefits, ease of synthesis under the robust "click" conditions, increased
system mobility (comparing 85A to T5A-27), and reduced temperature dependence of
conductivity. Therefore, an exploration into the possible underlying causes of the low
conductivity and proposed solutions are discussed in sections 4.4 and 4.5.
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Figure 4.7. Conductivity plots of T5S-PE and T5S-C as a function of temperature a) compared to
T5A-27 and b) compared to B5A.
4.3.3.4 VTF fitting for T5S-PE and T5S-C
Aside from the over all low conductivity, an interesting feature is the reduced temperature
dependence of conductivity of T5S-PE over B5A, spanning 3.5 versus 6 orders of magnitude
respectively from 60 to 200 °C. This is
evident in the plot in Figure 4.7b by the
shallower slope of the T5S-PE compared to
B5A, indicating a lower apparent activation
-3
-4 H
'l -5-1
energy. Eg. This is confirmed by fitting T5S- m
PE and T5S-C conductivity data to a VTF
equation and comparing to B5A data
presented in chapter 2. A plot of the VTF
fits for T5S-PE, T5S-C and B5A is shown in
-6 -
c
-7 -
-8-
-9 -
1 \ r
2.2 2.4 2.6 2.8
1000/T [K"']
Figure 4.8 with the calculated 8a values and pigu^g 4.8. VTF fits for T5S-PE, T5S-C, and
B5A for comparison
associated errors listed in Table 4.3.
Although the errors are large, it can be seen from the values in Table 4.3 that Sa for both T5S-PE
and T5S-C is significantly lower than B5A. Given the similar Tg values of the three polymers
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this seems to imply that the apparent activation energy of 1,2,3-triazole containing polymers may
be inherently lower than for benzimidazole containing polymers.
4.4 Monomer structural analysis
Reduced activation energy indicates that the proton transfer between heterocycles may occur
more readily, but the low overall conductivity observed does not follow from this assertion. To
gain a better understanding of the nature of
Table 4.3. Apparent activation energies
hydrogen bondmg within 1,2,3-triazole calculated from VTF fits
Polymer £a (kJ/mol) Error (kJ/mol) % error
materials, single crystals of 29 were grown for T5S-PE 11.87 +/-1.89 15.9
T5S-C 12.09 +/-0.89 7.3
X-ray crystallographic analysis. Although the B5A 18.89 +/-1.59 8.43
monomer 29 resulted in polymers with poor thermal stability, approximately two grams were
available to determine adequate crystal growth conditions. Several solvents and combination of
solvents were investigated to grow crystals by slow evaporation, 29 was dissolved in the various
solvents at approximately 100 mg/mL. Acetone, ethyl acetate, and chloroform produced no
crystals, but instead left a clear residue in the bottom of the vial, combinations of hexane with
acetone, ethyl acetate, and chloroform resulted in the same, and ether evaporated too quickly,
leaving a white precipitate. However, the combination of hexane/ether (3/1) produced needle-like
crystals when the solvent was allowed to evaporate over one week. While the resulting crystals
were not of superior quality, several single crystals were found in two separate batches that were
adequate for X-ray analysis. Data was collected to 25° on a single crystal from the second batch
showing the unit cell to be monoclinic with P2i/c symmetry, cell dimensions, other structural
information, and data collection parameters can be found in Appendix E.
The crystal structure shows K-it stacking of the styrenic functionality and a hydrogen bonded
network between triazoles displayed in Figure 4.9a. The N-H proton is found on N18
(corresponding to the 2 position in the triazole ring), which seems to follow with literature reports
indicating that 2//-l,2,3-triazoles are thermodynamically favored over l//-l,2,3-triazoles.
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however, as outlined below, tautomerism in 1,2,3-triazole is much more complex.'^ Comparison
of the T5S-BE crystal structure with literature reported structures for imidazole, benzimidazole
and 1,2,3-triazole provides some insight into the low observed conductivity of T5S-PE and T5S-
C. The hydrogen bonds in 29 occur between N17 and N18, or the 1 and 2 positions in the triazole
ring, resulting in a zig-zag like pathway for proton motion, and as can be seen in figure 4.9a, five
heterocycles will transport a proton 13.048 A. The single crystal structure for 1,2,3-triazole
shows that a mixture of \H, 2H, and 3H tautomers co-crystallize to form a complex hydrogen
bonded network, figure 4.9b. The proton corresponding to \H and 3// tautomers, resides in half
occupancy at N2 and N2C, whereas the proton corresponding to the 2H tautomer resides
exclusively at N3. The result is a continuous hydrogen bonded pathway between \H and 3H
tautomers with the 2H tautomer alternating on either side, therefore, five heterocycles will only
transport a proton 12.302 A because the 2// tautomers in this structure do not foster proton travel.
To complicate matters further, crystals of 4(5)-nitro- 1,2,3-triazole contains exclusively the \H-
tautomer, resulting in "layers of hydrogen bonded dimers packed in layers through intermolecular
bifurcated N1-H"'N2/N3 bonds."' ^ As shown in Figure 4.9c, the result is a complex hydrogen
bonded network with ill defined proton pathways and the potential for parasitic proton transfers
that do not contribute to directional proton motion.
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b) 1,2,3-triazole c) 4(5)-nitro-l,2,3-triazole
Figure 4.9. Positions and distances determined from x-ray crystal structures of a) 29, b) 1,2,3-
triazole, and c) 4(5)-nitro- 1,2,3-triazole
Due to the lack of tautomerism in imidazole and benzimidazole in the solid state, the
hydrogen-bonded networks differ markedly from both both 29 and 1,2,3-triazole. As seen in
figure 4.10, the reported crystal structures show that per 5 heterocycles a proton can travel
approximately 22.4 A, this is 9-10 A farther than 29 and 1,2,3-triazole.'^' "° Therefore, at least in
the solid state, it can be concluded that if 1,2,3-friazole is utilized as the protonic charge carrier,
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more heterocycles are required to move a proton a given distance and the system would be more
sensitive to changes in charge carrier density.
imidazole
22.432 A
^imidazole
22.454 A
Figure 4.10. Distances for a) imidazole and b) benzimidazole determined from x-ray crystal
structures
I
4.5 Mobility, proton pathways, and charge carrier density
As seen in chapter 2 as well as in the literature, system mobility and charge carrier density
both play a significant role in proton conduction when the heterocycle is imidazole or
benzimidazole.^ '"^^ The findings are that as Tg decreases the conductivity increases, especially at
temperatures below 100 °C, but decreases in charge carrier density to achieve lower Tg values
result in some amount of conductivity reduction at high temperatures, generally >160 °C. When
triazole was investigated in chapter 3, it was seen that the Tg of the materials was inherently lower
than analogous polyacrylates with tethered benzimidazole units (B5A). This resulted in improved
conductivity values below 100 °C, reduced conductivity temperature dependence, and lower
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apparent activation energies, however, conductivity above 1 00 °C was reduced by up to one order
of magnitude at 200 °C. The explanation for this discrepancy was that the charge carrier density
was low due to the presence of N-substituted triazole (21) that could not be removed from the
monomer. This explanation seemed to be justified by observed improvements in conductivity as
the mol% of 21 was reduced, however, the maximum conductivity achieved at 200 °C never
surpassed B5A.
In this chapter the issue of variable charge carrier density was eliminated, but due to the use
of styrenic backbones, the Tg of the resulting polymers (T5S-PE; 71 °C and T5S-C; 85 °C) was
much higher than T5A-27 (16 °C). Given the strong dependence of conductivity on mobility,
comparison to T5A-27 was not as meaningfiil as comparison to B5A, which has a comparable Tg
of 88 °C. Even though there is 100 mol% of heterocycle in each polymer, the conductivity of the
triazole containing materials is nearly 1.5 orders of magnitude lower than B5A at 200 °C,
therefore if molar heterocycle content and Tg are the same or comparable, there must be another
factor contributing to the poor performance ofT5S-PE and T5S-C.
Some insight has been gained by examining the X-ray crystal structure of 29 and comparing
it to 1,2,3-triazole, imidazole, and benzimidazole as discussed above, however, the crystal
structure of 29 does not necessarily represent what is occurring within an amorphous polymer
matrix, and the assumption that the proton in tethered 1,2,3-triazoles resides in the 2A^ position
cannot be made. While it has been shown that in the gas phase the 2//- 1,2,3-triazole tautomer
predominates and is more stable by 3-4 kcal/mol, in solution there is approximately a 1:1 mixture
of \H and 2H tautomers due to solvent effects.'^" As seen in figure 4.9b the tautomeric
mixture in the solid phase results in a complex hydrogen bonded structure, and in the liquid phase
or in solution (contained within an amorphous polymer network) the system can be even more
complex. The mobility of 1,2,3-triazole in solution can result a large number of hydrogen bond
interactions, all of which are constantly rearranging due to mobility and tautomeric shifts.
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Therefore, the proton pathway through the polymer membrane is more circuitous than in an
analogous imidazole or benzimidazole hydrogen bonded network where, without the
tautomerism, the hydrogen bond interactions are better defined. A representation of what may
occur in a triazole hydrogen bonded network compared to an imidazole network is shown in
Scheme 4.7. While this is only a crude representation of what may be occurring, it can be seen
that the number of heterocycles required for a proton to travel a given distance in a 1,2,3-triazole
system is greater than in an imidazole system, similar to what occurs in the crystalline state. If
more heterocycles are required, then changes in the mass fraction of charge carrirers will have a
more pronounced effect on conductivity. Therefore, if Tg and mole fraction of heterocycles
remain constant, using 1,2,3-triazole will result in inherently lower conductivity materials than if
imidazole or benzimidazole are used as the protonic charge carrier.
N
H H/=N
N
N ^ P N=NN '
^
_N N-N
'/ I a) 1,2,3-triazole
f=\ f=\ f=\
N^N.H..,^^^^H''^^^^H..^^^.H"^^^^H..^^^^H b) imidazole
\=J \=J \=J
Scheme 4.7. Representation of hydrogen bonding in a) 1,2,3-triazole and b) imidazole
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Even though the maximum achievable conductivity in T5S-PE and T5S-C is lower than B5A,
the reduced temperature dependence of the conductivity given the similar Tg values is intriguing.
It may be that proton transfers from heterocycle to heterocycle occur more readily, but directional
proton motion is limited by the complex dynamics of hydrogen bonding and tautomeric shifts.
There is some supporting evidence of this idea in the literature from 'H-PFG NMR diffiision
results of substituted 1,2,3-triazoles and imidazole materials. Two reports presenting the proton
self diffusion coefficient (D(Hnh)) for tethered imidazoles differ in the reported values.
Imidazole tethered to a siloxane cyclic tetramer by an eight atom spacer (CImSl) shows D(Hnh)
of 2 X 10"^ cm"/s at 95 °C and imidazole attached to a seven carbon alkyl chain (I-C7) shows
D(Hnh) of 5 X 10"' cm'/s at 75 °C and an extrapolated value of 1 x 10'^ cm'/s at 50 °C.^^'
Investigation into 1,2,3-triazole D(Hnh) values is limited to a recent report by Zawodzinski,
where 4,5-dicyano- 1,2,3-triazole (DCTz) is contained within poly(acrylonitrile) (PAN), with a
reported value of 1 .03 x 1 0" cm"/s at 25 °C.-' There is the issue of DCTz not containing a tether
to restrict molecular diffusion, however, it is claimed that molecular diffusion does not
significantly contribute to D(Hnh) because DCTz is solid within PAN at 25 °C. With DCTz
displaying the same D(Hnh) at 25 °C as I-C7 at 50 °C it seems to indicate that proton diffusion
can occur more readily with DCTz than in imidazole systems, which supports the reduced
apparent activation energy for T5S-PE and T5S-C compared to B5A. In order to make the claim
that proton transfer occurs more easily in 1,2,3-triazole systems, a full 'H-PFG NMR diffusion
study will need to be undertaken, comparing equivalent imidazole and 1,2,3-triazole containing
materials.
4.6 Summary
To further explore the use of polymers with tethered 1,2,3-triazoles for anhydrous proton
conduction, monomers free of acid sensitive chemical functionality were prepared. An N-
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protected triazole functianalized cyclooctene monomer, 26, suitable for ROMP was prepared,
however, polymerization of 26 failed. It was determined that the POM protected triazole does not
cause interference with the polymerization catalyst, therefore, the most likely explanation is
residual contaminants that remain after the monomer purification step. Due to these difficulties,
preparation of triazole fiinctionalized poly(cyclooctene) was not pursued.
The preparation of 1,2,3-triazole functional styrenic monomers with three different tether
linkages (benzyl ether, 29, phenyl ether, 32, and all carbon, 37) resulted in materials that were
adequately pure for free radical polymerization. The polymer resulting from 29, T5S-BE,
displayed thermal instability most likely due to triazole attack on the benzyl ether linkage,
whereas the polymers resulting from 32 and 37 (T5S-PE and T5S-C respectively) displayed
thermal stability to at least 215 °C. The Tg values for T5S-PE and T5S-C were higher than
expected at 71 °C and 85 °C respectively, both displayed a large jump in Tg over T5S-BE (36
°C). While the high Tg values did not allow direct comparison of conductivity as a fiinction of
temperature to T5A-27, the data was compared to B5A which has a Tg of 88 °C, Figure 4.7b. The
conductivity of both T5S-PE and T5S-C are approximately 1.5 orders of magnitude lower than
B5A at 200 °C, with T5S-C remaining lower and T5S-PE showing improved conductivity below
100 °C. In addition, the dependence of conductivity on temperature is improved over B5A as
evidenced by the shallower slope in Figure 4.7b and lower apparent activation energy calculated
from VTF fitting.
The curious behavior observed for the 1,2,3-triazole functional styrenic polymers lead to an
investigation into the nature of the heterocycle in these systems and the hydrogen bonded
networks formed in 1,2,3-triazoles and dinitrogen heterocycles. Comparing X-ray crystal
structures of 29, 1,2,3-triazole, 4(5)-nitro-l//- 1,2,3-triazole, imidazole, and benzimidazole shows
that hydrogen bonding in 1,2,3-triazoles is much more complex due to the presence of IH- and
2H- tautomers. In the solid phase this leads to a variety of hydrogen bonding possibilities all of
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which result in a longer pathway for a proton to travel a given distance than in either imidazole or
benzimidazole. As a liquid or in solution, the hydrogen bonding possibilities for 1,2,3-triazoles
become even more complex as all hydrogen interactions observed in the solid state can occur in
dynamic fashion due to increased mobility and a mixture of \H- and IH- tautomers. This leads to
a circuitous path for a proton and an increased potential for proton transfers that do not result in
directed proton motion. The resuh is a system that is more sensitive than dinitrogen heterocyclics
to mass fraction changes in charge carrier density, experimental observations in this chapter and
in chapter 3 support this assertion. Specifically, T5S-C and B5A have Tg values within 3 °C and
contain 100 mol% heterocycles, yet the conductivity of T5S-C is dramatically lower than B5A.
However, despite the low conductivity and apparent sensitivity to mass fraction charge carrier
density, 1,2,3-triazoles do offer benefits over imidazole and benzimidazole such as ease of
synthesis, increased system mobility, and reduced temperature dependence of conductivity. As
seen in chapter 3, increases in conductivity of nearly 2 orders of magnitude can be achieved by
doping the 1,2,3-triazoles with large amounts (up to 100 mol%) of trifluoroacetic acid, and
literature reports of proton self diffusion coefficients for imidazole and 4,5-dicyano-l,2,3-triazole
indicate that proton transfer in 1,2,3-triazoles may have a lower energy barrier. However, up to
this point, synthetic problems (T5A-27) and high glass transition temperatures (T5S-PE and T5S-
C) have hampered the efforts to define the fiill operating range of polymer-tethered 1,2,3-
triazoles. In order to define the boundaries of proton conduction in these systems, synthesis and
characterization of polysiloxane materials containing 1,2,3-triazoles were pursued and is
described in chapter 5. The synthetic route is developed such that the molar and mass fraction of
1,2,3-triazole can be adjusted in order to maximize conductivity and/or minimize Tg to seek out
the optimum structural features.
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CHAPTER 5
POLYSILOXANES WITH TETHERED 1,2,3-TRIAZOLES: MOBILITY AND CHARGE
CARRIER DENSITY EFFECTS
Thus far the exploration into anhydrous proton conducting polymers has involved the use of
benzimidazole or 1,2,3-triazole moieties as the protonic charge carriers to investigate the effects
of mobility and charge carrier density on conductivity. The observed trends for benzimidazole
are that increasing mobility (through Tg reduction) results in increased conductivity at
temperatures below approximately 1 50 °C and decreased conductivity at temperatures above 1 60
°C (due to decreased charge carrier density). Additionally, the overall temperature dependence of
the conductivity (apparent activation energy, 8a) is reduced with decreases in Tg, emphasizing the
importance of mobility to achieve uniform conductivity over a wide temperature range.
The studies presented in chapters 3 and 4 investigated 1,2,3-triazole as the charge carrier
tethered to an acrylate or several styrenic backbones respectively. The most interesting feature is
the inherently lower Tg obtained with 1,2,3-triazole acrylates (T5A-27, Tg = 16 °C) compared to
analogous benzimidazole acrylates (B5A, Tg = 88 °C). When the backbone was changed to a
styrenic derivative the Tg appears to be more dependent on the nature of the tether with Tg values
ranging from 36 °C to 85 °C. Even though the styrenincs had low mobility, in a comparison to
B5A the conductivity of the materials displayed more favorable temperature dependence, with the
conductivity of T5S-PE spanning 3.5 orders of magnitude from 60 to 200 °C.
Due to the difficulties in synthesizing T5A-27 and unexpectedly high Tg values for T5S-PE
and T5S-C, the operating range and full benefits of utlilizing 1,2,3-triazole as the protonic charge
carrier in proton exchange membranes have not yet been defined. This chapter will explore the
boundaries of using 1,2,3-triazoles. Well-defined synthetic procedures are outlined to attach
1,2,3-triazole to polysiloxane materials, thereby assuring the materials have a low Tg and are
139
chemically and thermally stable. In section 5.2, preparation of siloxane cyclic tctramers with
tethered 1 ,2,3-triazoles are prepared for polymerization, unfortunately, attempts by anionic ring-
opening polymerization (AROP) and cationic ring-opening polymerization (CROP) did not
produce polymer, presumably due to steric bulk around the ring. In section 5.3, the reported
polymerization difficulties are circumvented by attaching 1 ,2,3-triazoles directly onto
polyhydromethylsiloxane (PHMS). The effect of mass fraction of 1,2,3-triazole is explored in
section 5.4 using this modular approach to alter the 1,2,3-triazole tether length and introduce
poly(ethylene glycol) side chains. Low Tg materials are necessary to maximize proton mobility
and transport, however, these same materials suffer from poor mechanical properties, eventually
undergoing flow as the temperature increases. In section 5.5, structural integrity is imparted
using nanoporous confinement or lightly crosslinknig the material to form a non-flowing
network.
5.1 Experimental
5.1.1 Materials
AUyl bromide, 5-hexyn-l-ol, NaH, NaNs, 2-(trimethylsilyl)ethoxymethyl chloride, CuS04-5H20,
sodium ascorbate, 2,4,6,8-tetramethylcyclotetrasiloxane, platinum(0)-l,3-divinyl-l, 1,3,3-
tetramethyldisiloxane complex solution, CsOH, 18-crown-6, phosphazine base P4-t-Bu,
ethylenediamine, methoxy poly(ethylene glycol) 350, 1,2,7,8-diepoxyoctane, tert-butanol, Cul,
and anhydrous DMF were obtained from Aldrich Chemical and used as received. Vinyl bromide
and ethynyltrimethylsilane were obtained from VWR and used as received. KOH and NaOH
were obtained from Fisher Scientific and used as received. Anhydrous toluene was obtained from
Aldrich Chemical and distilled over Na/benzophenone prior to use. Azidomethyl pivalate was
prepared as describe in the literature.
'
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5.1.2 Instrumentation
'H-NMR (300 MHz) and '^C-NMR (75 MHz) spectra were obtained on a Bruker DPX-300 NMR
Spectrometer with the samples dissolved in either chloroform-d (CDCI3) or dimethyl sulfoxide-de
(DMSO-de). Unless otherwise noted, all NMR spectra can be found in Appendix F.
Thermogravimetric analysis (TGA) was carried out using a Perkin Elmer TGA 1
thermogravimetric analyzer at a heating rate of 10 °C/min from room temperature to 700 °C under
air purge. Glass transition temperatures were obtained by differential scanning calorimetry
(DSC) using a Perkin-Elmer Diamond DSC or TA Instruments Dupont DSC 2910. Samples were
analyzed at a heating rate of 10 "C/min to 180 °C under a flow of nitrogen (50 mL/min). Polymer
molecular weight and polydispersity index values were obtained by gel permeation
chromatography (GPC) in THF using a Polymer Laboratories PL-GPC 50 Integrated System with
a Holland Sparks MIDAS autosampler and refractive index detector. Elecfrochemical impedance
data was obtained using a Solartron 1287 potentiostat/1252A frequency response analyzer in the
0. 1 Hz to 300 kHz range. Mass spectral data were obtained at the University of Massachusetts
Mass Spectrometry Facility which is supported, in part, by the National Science Foundation.
5.1.3 AC impedance
Polymer conductivity (a) was determined using ac impedance methods, a detailed description
of the method, how it is applied to polymer electrolytes, and circuit models used to obtain the
data presented can be found in appendix A. The ac impedance measurements were performed
under vacuum to assure an anhydrous environment. Polymer membranes were pressed between
two blocking electrodes followed by application of 100 mV excitation voltage with a logarithmic
frequency sweep from 3x10^ Hz to 1x10"' Hz. Resistance values were taken at the minimum
imaginary response in a Z' versus Z" plot to determine conductivity in the low frequency limit.
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Samples were heated to 200 °C and ac impedance data was obtained as a function of temperature
upon cooling.
5.2 Synthesis of 1,2,3-triazole functional cyclotetrasiloxane monomers and polymers
Linear polysiloxanes are generally prepared by ring opening polymerization of cyclic trimers
or tetramers by anionic ring-opening polymerization (AROP) or cationic ring-opening
polymerization (CROP)." To explore both polymerization avenues two 1,2,3-triazole containing
cyclic tetramers were synthesized. As reported in previous chapters, 1,2,3-triazoles are formed in
the protected state, in this case with either 2-(trimethylsilyl)ethoxy methyl (SEM) (stable to
strong base) for AROP or pivaloyloxymethyl (POM) (stable to strong acid) for CROP.''
5.2.1 Synthesis of SEM protected cyclic monomer
The tetracyclosiloxane (D4) monomer containing four tethered 1,2,3-triazoles protected with
SEM, 41, was prepared as outlined in Scheme 5.1. Williamson ether synthesis was performed by
adding allyl bromide to the product from the reaction of 5-hexyn-l-ol and sodium hydride in
anhydrous DMF to produce 38 in good yield. To prepare an SEM protected triazole directly, 2-
(trimethysilyl)ethoxymethyl azide, 39, was prepared from 2-(trimethysilyl)ethoxymethyl chloride
by refluxing in acetonitrile in the presence of an excess of sodium azide. The [3+2]
cylcloaddition of 38 and 39 was carried out under "click" conditions with copper(II) sulfate and
sodium ascorbate in t-butanol/water (2/1) to yield the protected triazole, 40, which was attached
to 2,4,6,8-tetramethylcyclotetrasiloxane (D4H) via hydrosilylation using Karstedt's catalyst
(platinum(0)-l,3-divinyl-l,l,3,3-tetramethyldisiloxane complex solution) to give 41 in good
yield.
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Scheme 5.1. Preparation of a D4 monomer containing four tethered 1,2,3-triazoles protected with
SEM
Preparation of 6-AUyloxyhex-l-yne (38). To a clean, dry, nitrogen purged 250 mL 2-neck
round bottom flask was added sodium hydride (2.88 g, 0.12 mol) and anhydrous DMF (90 mL).
The slurry was cooled to 0 °C followed by dropwise addition of 5-hexyn-l-ol (6.0 g, 0.06 mol)
under constant agitation. The mixture was stirred for 30 minutes and allowed to come to room
temperature. Allyl bromide (6.9 g, 0.056 mol) was added dropwise under constant agitation and
the mixture was allowed to stir for 2 hours at room temperature. The reaction was ended by slow
addition of a large excess of water (400 mL) and the product extracted with dichloromethane (5 x
50 mL). The combined organic layers were dried over anhydrous MgS04 and filtered, solvent
was removed under reduced pressure to yield 38 a pale yellow liquid (6.71 g, 86.8%) which was
used without further purification. 'H-NMR (CDCI3) 6 1.79 (4H, m), 1.95 (IH, t), 2.22 (2H, m),
3.47 (2H, t), 3.96 (2H, d), 5.18 (IH, dd), 5.25 (IH, dd), 5.89 (IH, m). '^C-NMR (CDCI3) 5 18.23,
25.23, 28.76, 68.42, 69.71, 71.81, 84.33, 1 16.78, 134.96.
Preparation of 2-(Trimethylsilyl)ethoxymethyl azide(39). To a clean, dry, 250 mL round
bottom flask equipped with a stir bar and reflux condenser was added acetonitrile dried over
molecular sieves (lOOmL), sodium azide (9.75 g, 0.15 mol), and 2-(Trimethylsilyl)ethoxymethyl
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chloride (5.0 g, 0.03 mol). The reaction mixture was heated to reflux for 5 hours then cooled to
room temperature. The solid was removed by filtration followed by washing the filtrate with
acetonitrile (100 mL). Solvent was removed under reduced pressure to yield 39 as a clear liquid
(3.65 g, 70.3%) which was used without further purification. 'H-NMR (CDCI3) 5 0.047 (9H, s),
0.99 (2H, t), 3.71(2H, t), 4.66 (2H, s). '^C-NMR (CDCI3) 5
-1.41, 17.98, 67.27, 82.44.
Preparation of 4-(4-Allyloxy-butyl)-l-(2-trimethylsilanyl-ethoxymethyl)-lH-[J ,2,3Jlriazole
(40). To a clean 100 mL nitrogen purged round bottom flask equipped with a stir bar was added
38 (2.0 g, 14.48 mmol) and t-BuOH/H.O (2/1) (46 mL). Under vigorous agitation, CuS04-5H20
was added (0.728 mL of a 1.0 M solution, 0.728 mmol) followed by sodium ascorbate (1.45 mL
of a 1.0 M solution, 1.45 mmol) and 39 (2.505 g, 14.48 mmol). The mixture was stirred
vigorously for 18 hours at room temperature. The reaction was diluted with water and the
product extracted with ethyl acetate (2 x 100 mL). The combined organic layers were washed
with 5% NH4OH (2 X 100 mL) and brine, dried over MgS04, and filtered, solvent was removed
under reduced pressure. Purification was performed by flash chromatography (ethyl
acetate/hexanes 1 : 1) to yield 40 as a clear liquid (3. 168 g, 70%). 'H-NMR (CDCI3) 5 -0.021 (9H,
s), 0.90 (2H, m), 1.67 (2H, m), 1.78 (2H, m), 2.78 (2H, m), 3.47 (2H, t), 3.56 (2H, m), 3.97 (2H,
d), 5.17 (IH, d), 5.25 (IH, d), 5.63 (2H, s), 5.90 (IH, m), 7.46 (0.5H, s).
Hydrosilylation of 2,4,6,8-tetramethylcyclotetrasiloxane with 40. To a clean, flame dried, 15
mL round bottom flask equipped with a stir bar and rubber septum was added 2,4,6,8-
tetramethylcyclotetrasiloxane (96.8 mg, 0.403 mmol) and dry toluene (1.0 mL). The reaction
flask was purged with nitrogen for 15 minutes followed by addition of four equivalents of 40 (500
mg, 1.61 mmol). The flask was purged with nitrogen for an additional 15 minutes after which 1-2
drops of Karstead's catalyst was added. The nitrogen purge was removed and the flask heated to
50 °C for 18 hours with constant agitation. The flask was cooled to room temperature. The
resulting opaque viscous liquid was diluted with ether ( 1 0 mL), filtered through a silica plug, and
washed with copious amounts of ether. Solvent was removed under reduced pressure and
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purification was performed by flash chromatography (hexane/ethyl acetate (1/1) change to ethyl
acetate/methanol (95/5) to yield 41 as a clear viscous oil (489 mg, 82%). 'H-NMR (CDCI3) 5 -
0.02 (9H, s), 0.081 (3H, s), 0.55 (2H, s broad), 0.92 (2H, t), 1.64 (4H, m), 2.75 (2H, t), 3.45 (6H,
m), 5.61 (2H, s), 7.46 (IH, s).
5.2.2 Synthesis ofPOM protected cyclic monomer
A D4 monomer substituted with POM protected triazoles was prepared as shown in Scheme 5.2.
Due to the robust nature of "click" [3+2] cycloadditions, the allyl-alkyne 38 and POM protected
triazole 42 were able to be prepared sequentially, eliminating the need to purify 38. Azidomethyl
pivalate was added to 38 in the presence of copper(II) sulfate and sodium ascorbate in t-
butanol/water (2/1) to give the triazole 42 in good yield which was attached to 2,4,6,8-
tetramethylcyclotetrasiloxane (D4H) via hydrosilylation using Karstedt's catalyst to give 43 in
good yield.
O
38 + Na'"
CUSO4, NaAsc,
t-butanol/water (2/1), 18 h
H
,0-Si:^ Pd(0), toluene ^ ^-^^^^-^^Y^N'POM
42 + 9 .nn c ^, * iSi-Oi . N=N
O Sl^ C, 5 hr A X4
H \ ^
43 (86%)
Scheme 5.2. Preparation of a D4 monomer containing four tethered 1,2,3-triazoles protected with
POM
Preparation of 2,2-Dimethyl-propionic acid 4-(4-aUyloxy-butyl)-[l ,2,3]triazol-l-ylmethyl
ester (42). To a clean, dry, nitrogen purged 250 mL 2-neck round bottom flask was added
sodium hydride (1.44 g, 0.06 mol) and anhydrous DMF (45 mL). The slurry was cooled to 0 °C
followed by drop wise addition of 5-hexyn-l-ol (3.37 mL, 0.03 mol) under constant agitation.
The mixture was stirred for 30 minutes and allowed to come to room temperature. Ally] bromide
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(2.46 mL, 0.028 mol) was added drop wise under constant agitation and the mixture was allowed
to stir for 2 hours at room temperature. The reaction was ended by addition of a large excess of
water (200 mL) and the product extracted with dichloromethane (5 x 25 mL). The combined
organic layers were dried over anhydrous MgS04 and filtered, solvent was removed under
reduced pressure. To the resulting liquid was added t-butanol/water (2/1) (93 mL) and CuSO^-
5H2O (1.5 mL of a 1.0 M solution, 1.5 mmol) followed by a 1.0 solution of sodium ascorbate
(3.0 mL, 3.0 mmol) and azidomethyl pivalate (6.12 g, 0.039 mol). The mixture was stirred
vigorously for 18 hours at room temperature. The reaction was diluted with water and the
product extracted with ethyl acetate (2 x 100 mL). The combined organic layers were washed
with 5% NH4OH (2 X 100 mL) and brine, dried over MgS04, and filtered, solvent was removed
under reduced pressure. Purification was performed by flash chromatography (ethyl
acetate/hexanes 1:1) to yield 42 as a clear liquid (7.04 g, 84%). 'H-NMR (CDCI3) 5 1.64 (2H,
quin), 1.73 (2H, quin), 2.75 (2H, t), 3.45 (2H, t), 3.94 (2H, d), 5.14 (IH, d), 5.23 (IH, d), 5.89
(IH, m), 6.19 (2H, s), 7.53 (IH, s). '^C-NMR (CDCI3) 5 25.06, 25.68, 26.58, 28.98, 38.54, 69.39,
69.67, 71.57, 1 16.57, 121.91, 134.68, 148.39, 177.56. Mass spectrum m/z 295.2 (20, M^*), 254.2
(40), 238.2 (20), 210.1 (20), 197.1 (15), 180.1 (15), 140.1 (40), 124.1 (100), 81.0 (70), 57.1 (50).
Hydrosilylation of 2,4,6,8-tetramethylcyclotetrasiloxane with 42. To a clean, flame dried, 15
mL round bottom flask equipped with a stir bar and rubber septum was added 2,4,6,8-
tetramethylcyclotetrasiloxane (101.8 mg, 0.403 mmol) and dry toluene (1.0 mL). The reaction
flask was purged with nitrogen for 15 minutes followed by addition of four equivalents of 42 (500
mg, 1.69 mmol). The flask was purged with nitrogen for an additional 15 minutes after which 1-2
drops of Karstead's catalyst was added. The nitrogen purge was removed and the flask heated to
50 °C for 18 hours with constant agitation. The flask was cooled to room temperature. The
resulting opaque viscous liquid diluted with ether (10 mL), filtered through a silica plug, and
washed with copious amounts of ether. Solvent was removed under reduced pressure and
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purification was performed by flash chromatography (hexane/ethyl acetate (1/1) change to ethyl
acetate/methanol (95/5) to yield 43 as a clear viscous oil (469 mg, 78%). 'H-NMR (CDCI3) 5
0.066 (3H, s), 0.458 (2H), 1.14 (9H), 1.58 (4H), 1.69 (2H), 2.69 (2H), 3.30 (2H), 3.37 (2H), 6.17
(2H), 7.56 (IH). '^C-NMR (CDCI3) 5 -0.73, 13.08, 23.10, 25.33, 25.89, 26.78, 29.29, 38.74,
69.55, 70.35, 73.46, 122.03, 148.65, 177.80.
5.2.3 Ring-opening polymerization of 41 and 43
Polymerization of 41 was attempted several times using approximately 2 mol% potassium
trimethylsilanolate in bulk, however, no polymerization occurred as evidenced by little or no
viscosity rise. The reaction vials were heated to 60 °C under nitrogen for 3 hours, 6 hours, or 1
8
hours, all giving the same result. In a literature search for optimized reaction conditions, it was
found that polymerization of D4 using potassium silanolate proceeds slowly, taking 24 to 328
hours to reach equilibrium, however, additional reaction conditions were identified.^ Potassium
hydroxide will effectively polymerize D4 in approximately 100 minutes at 80 °C and reaction
times can be improved by the addition of 18-crown-6 to chelate potassium, facilitating ion pair
separation.^ Cesium hydroxide will polymerize D4 to a stiff
gum within 5 minutes and a non-ionic phosphazine base in \ /
\ N /I
conjunction with methanol will produce an instantaneous
rise in viscosity.^ Polymerization of 41 was attempted
using all of these initiating systems including the
phosphazine base P4-t-Bu (Scheme 5.3). Reaction
conditions and results are listed in Table 5.1. All of the
Phosphazine Base P4-t-Bu
being entry 4, where there is a slight dilution due to the
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solvent required to add P4-t-Bu. The P4-t-Bu catalyst solution was prepared in a dry box
according to the method outlined by Molenberg and Moller.'
In the case of CsOH and KOH/18-crown-6 a visible viscosity rise occurred, therefore, GPC
analysis was performed. For entries 1-3 in Table 5.1, the Mp values were very low, below 5000
g/mol, with narrow polydispersity (1.1 -1.3), GPC analysis can be found in Appendix G. The
molecular weight of 41 is 1484.5 g/mol, therefore, only oligomers had formed with degree of
polymerization from 1.6-3.3. Polymerization with P4-t-Bu"^/MeO as the initiator was attempted
using a monomer to catalyst ratio of 500/1, however, after 2 hours at 80 °C no viscosity rise was
noted, therefore, the reaction was ended and no further analysis was performed. In a recent report
by Meyer, polysiloxane polymers containing imidazole tethered by varying length EO units were
prepared by AROP of the parent D4 monomers.^ However, the polymerization conditions were
extreme, generally, 120 °C for 150 hours, with only 21-35% yields. This indicates that the added
steric bulk to D4 hinders ring opening significantly, limiting the utility of AROP to produce the
desired siloxane polymers.
Table 5.1. Trial polymerization of 41, conditions and results
Trial Initiator Weight % Temperarture/Time Mn (g/mol) M^/M,
1 CsOH 3 120 °C/4h 3400 1.33
2 KOH/18-crown-6 5/5 120 °C/3 h 4900 1.12
3 KOH/18-crown-6 5/5 120 °C/5 h 2500 1.1
4 P4-t-Bu^/MeO" NA; M:C, 500:1 80 °C/2 h GPC not run NA
Polymerization of 43 was attempted by CROP using trifluoromethanesulfonic acid (triflic
acid) according to the procedure outlined by Weber and Cai.^ In this case no viscosity rise was
noted, therefore, GPC analysis was not performed. Further attempts to polymerize by CROP
were not made. One explanation for the failure to polymerize may be that triflic acid is reacting
with the weakly basic nitrogen in the triazole ring, limiting the effectiveness of the initiation and
propagation steps. Another reason may be common to both CROP and AROP, the interference of
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the steric bulk surrounding the siloxane ring. While polymerization of D4 by either AROP or
CROP proceeds without incident, when methyl groups are replaced by more bulky substituents,
polymerization becomes more difficult.^"'" Smid reports that D4 substituted with four octyl
substituents will only polymerize in the presence of a comonomer.'*^ Given the polymerization
difficulties, 1 ,2,3-triazole substituted siloxanes were prepared by modification of
polyhydromethylsiloxane (PHMS).
5.3 Synthesis and characterization of 1,2,3-triazole substituted PHMS
To circumvent the ring-opening polymerization difficulties outlined in the last section,
functionalization of PHMS was performed. As outlined below, this approach allowed for
controlled modification of the parent polymer. As a way of exploring the effects of 1,2,3-triazole
mass fraction within a material, several polymers were prepared. Variation of the 1,2,3-triazole
tether length provided insight into the effect of mass fraction and incorporation of poly(ethylene
glycol) (PEG) allowed for systematic reduction of 1,2,3-triazole mole and mass fraction.
5.3.1 Synthesis of 1,2,3-triazole substituted polysiloxane with different tether length
Two tether lengths connecting 1,2,3-triazole moieties to the polysiloxane backbone were
prepared, the first with an eight atom spacer and the second with a two atom spacer, resulting in
the final polymers T8Si and T2Si respectively. Preparation of T8Si (Scheme 5.4) was
accomplished by hydrosilylation of 42 and PHMS (Mn=2000 g/mol) using Karsteadt's catalyst in
toluene resulting in 44 in good yield. Although POM was completely removed from styrenic
monomers using the conditions outlined in chapter 4 (methanol/28% NH4OH (3/1)),
approximately 25% of N-methanol substituted triazole in TSSi was detected by 'H-NMR at 5 5.15
ppm when using the same conditions. As discussed in chapter 3, this is thought to be a result of
the triazolate reacting with formaldehyde formed in situ during the deprotection. A way of
eliminating this side reaction is to add an excess of a primary amine, which will preferentially
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react with formaldehyde, leaving the triazole free of N-substitution. Removal of POM from 44
with 0.1 M NaOH/McOH (2.2 eq) in the presence of 5 equivalents of ethylene diamine resulted in
clean deprotection with no detectable quantity of N-methanol substituted triazole by 'H-NMR.
(Note: The use of excess ethylene diamine to remove formaldehyde during POM removal was
attempted on the N-POM triazole functional acrylate monomer in chapter 3, however, Michael
addition of the primary amine resulted in destruction of the acrylate functionality).
Scheme 5.4. Preparation of T8Si by hydrosilylation followed by POM removal
Preparation of T2Si was accomplished in 4 steps as outlined in Scheme 5.5. Vinyl bromide
was attached to ethynyltrimethylsilane via Sonogashira coupling to give 45, which was reacted
with azidomethyl pivalate under "click" conditions to form POM protected vinyl triazole 46.
Hydrosilylation of 46 and PHMS with Karsteadt's catalyst produced the substituted polysiloxane
47, followed by POM removal using 0.1 NaOH/MeOH in the presence of ethylenediamine to give
T2Si in good yield. Analysis by 'H-NMR revealed that the hydrosilylation resulted in a mixture
of alpha and beta addition to give a mixture of the two structures shown in Scheme 5.5. Proton
NMR peak assigimients can be found in Appendix F. Visual observation of the doublet at 6 7.40
to 7.52 ppm indicates that the ratio is around 1:1. Although the integrations may not be accurate
due to the broad peaks, a rough calculation using the peaks at 8 0.84 and 1.24 ppm with the
doublet at 5 7.40 to 7.52 ppm set to 1.0 indicates a ratio of approximately 60% alpha and 40%
beta addition.
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Scheme 5.5. Preparation of T2Si
RT, 1.5h
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NH
beta addition
POM alpha addition
T2Si (88%)
Preparation of 44. In a dry box, 42 (698 mg, 2.5 mequiv.), poly(methylhydrosiloxane) (100
mg, 1.67 mequiv.), and dry toluene (1.5 mL) were combined in a 25 mL round bottom flask
equipped with stirbar and rubber septum. A catalytic amount of Karstedt's catalyst (~4 drops)
was added to the mixture under constant agitation. After addition, the flask was removed from
the dry box and heated to 50 °C in a constant temperature bath for 3 days. The reaction was then
diluted with ether (10 mL) and filtered through a silica gel pad, followed by copious washing
with ether. Solvent was removed under reduced pressure and residual allylic starting material
was removed from the mixture by flash chromatography (ethyl acetate/hexanes, 1/1). The
product was removed from the column by washing with ethyl acetate/methanol (95/5). Solvent
was removed under reduced pressure to yield 44 as a clear oil (464 mg, 82%). 'H-NMR (CDCI3)
5 0.066 (3H, s), 0.458 (2H), 1.14 (9H), 1.58 (4H), 1.69 (2H), 2.69 (2H), 3.30 (2H), 3.37 (2H),
6.17 (2H), 7.56 (IH). '^C-NMR (CDCI3) 5 -0.73, 13.08, 23.10, 25.33, 25.89, 26.78, 29.29, 38.74,
69.55, 70.35, 73.46, 122.03, 148.65, 177.80.
Preparation o/TSSi. To a clean, dry, 100 mL round bottom flask equipped with stir bar was
added 44 (500 mg, 1.41 mequiv.) and ethylene diamine (235 ^iL, 7.05 mequiv.). Under constant
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agitation, 0.1 M NaOH/MeOH (31 mL, 3.1 mcquiv.) was added to the flask. The reaction
mixture allowed to mix for 90 minutes, then poured slowly into pH 7 buffer solution. The buffer
pH was monitored and kept from exceeding pH 8 by adding 1 .0 M HCl as necessary. Final pH
was adjusted to 8, followed by extraction with ethyl acetate/dichloromethanc (1/1 ) (5 x 30 mL) to
remove the polymer. Solvent was removed under reduced pressure to yield T8Si as rubbery solid
(303 mg, 88%). 'H-NMR (DMSO-de) 5 0.044 (3H, s), 0.48 (2H, m), 1.50 (4H, m), 1.60 (2H,
quin), 2.64 (2H, t), 3.29(4H, t), 7.54 (IH, s), 14.6 (IH, s) "C-NMR (DMSO-d(,) 5 -0.79, 12.68,
22.70, 24.48, 25.60, 28.74, 69.43, 72.14, 131.71, 146.35.
Synthesis of But-3-en-l-ynyI-trimethyl-siIane (45). 50 mg of Pd(Cl)2(PPh3)2 (0.0725 mmol)
and 30 mg of Cul (0.158 mmol) were introduced into a 250 ml single neck round bottom flask
equipped with septum and a magnetic stirrer, the flask was then flushed with nitrogen for 5
minutes. After the flushing cycle, 60 ml of dry, N2 sparged (30 minutes) triethylamine, 2 ml
(14.46 mmol) ofTMS acetylene and 14.5 ml of 1.0 M vinylbromide solution in THF (14.5 mmol)
were injected into the flask and the resulting solution was stirred under nitrogen atmosphere for
24h at room temperature. The resulting precipitate was separated by filtration and rinsed 3 times
with 50ml of ethyl ether, the combined filtrates were first washed with ice cold 1 .0 M KHSO4 (5
X 200 ml) then with 200ml of saturated aq. NaH2C03 and finally with 200ml of brine. The
resulting ethereal phase was dried with MgS04 and the solvent removed by rotary evaporation
(keeping the temperature of the water bath below 25°C). The target compound was separated
from the residual red oil by vacuum distillation (40°C, 50 mTorr) to yield 1 .2 g (9.68 mmol, 67%)
of 45 as a clear liquid. 'H-NMR (CDCI3) 5 0.187 (9H, s), 5.47-5.51 (IH, dd), 5.64-5.86 (2H, m).
'^C-NMR(CDCl3) 5
-1.43, 25.02, 68.50, 95.55, 102.95, 116.17, 128.6.
Synthesis of 2,2-Dimethyl-propionic acid 4-vinyl-4,5-dihydro-[l,2,3]triazol-l-ylmethyI ester
(46). 1 g (8 mmol) of 1 , 0.4g ( 1 .6 mmol) of CUSO4 H2O, 0.32(1.6 mmol) of sodium ascorbate, 20
ml of a 1:1 mixture of t-BuOH and H2O and 1.6 ml of 1.0 M solution of BU4NF in THF were
added to a 50 ml round bottom flask equipped with a magnetic stirrer. The resulting mixture was
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stirred at room temperature for 24h. The resulting greenish solution was diluted with water (50
ml) and extracted with ethyl acetate (3 x 25 ml) the combined organic layer were first washed
with 5% NH4OH (3 X 100 ml), then brine (100 ml) and finally dried over magnesium sulfate. The
excess solvent was removed via rotary evaporation to yield 1.4 g (7.1 mmol, 88%) of 46. 'H-
NMR (CDCI3) 5 1.18 (9H, s), 5.36-5.40 (IH, dd), 5.93-5.98 (IH, d), 6.21 (2H, s), 7.75 (IH, s).
'^C-NMR (CDCI3) 5 25.58, 39.12, 70.38, 117.65, 122.24, 125.77, 147.09, 178.38.
Synthesis ofT2Si. In a dry box, 1.0 g (5 mmol) of 3, 200 mg (3.3 mmol) of PHMS, and 5 ml
of dry toluene were added to a glass vial equipped with a magnetic stirrer and a rubber septum.
The mixture was stirrer for 5 minutes and then 5 drops of Karstedt's catalysts were added, the
solution changed from colorless to light yellow. After addition of the catalyst the vial was
removed fi"om the dry box and stirrer at 75 °C for 48 h. The reaction was then diluted with ether
(10 ml) and filtered through a silica pad followed by extensive washing with ether (100 ml). The
excess solvent was removed by rotary evaporation and three was purified by column
chromatography. A mixture of ethyl acetate hexanes (1:1) was used to remove the unreacted vinyl
triazole (2), the P0M-T2Si polymer was removed from the column by elution with
ethylacetate:methanol 5:1. The pivaloyl protecting group was removed by treatment with sodium
methoxide. To a clean, dry, 100 mL rb flask equipped with stir bar was added Triazole-POM
functionalized siloxane polymer (500 mg, 1.94 mequiv.) and ethylene diamine (235 |iL, 7.05
meqiv.). Under constant agitation, 0.1 M NaOH/MeOH (31 mL, 3.1 mequiv.) was added to the
flask. The reaction mixture was stirred for 90 minutes, then poured slowly into pH 7 buffer
solution. The buffer pH was monitored and kept fi-om exceeding pH 8 by adding 1 .0 M HCl as
necessary. Final pH was adjusted to 8 followed by extraction with ethyl acetate:dichloromethane
(1:1) (5 X 30 mL) to remove the polymer (Triazole-2-siloxane, T2Si, 3). Solvent was removed
under reduced pressure to yield an opaque viscous oil (214 mg, 77%). 'H-NMR (DMS0-d6) 5
0.003 (3H, s), 0.845 (1.3H, s), 1.24 (1.46H, s), 2.25 (0.57H, s), 2.61 (1.24H, s), 7.40-7.52 (IH, d),
14.51 (IH, s).
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5.3.1.1 T8Si and T2Si characterization
The polymers T8Si and T2Si were analyzed by differential scanning calorimetry (DSC) and
thermogravimetric analysis (TGA) to determine Tj, and thermal stability respectively. In section
5.4, T8Si polymers are doped with trifluoroacetic acid (TFA) to determine the effect on
conductivity, therefore, T8Si doped polymers were thermally characterized to determine the
effect of acid doping on the physical properties and to assure thermal stability during conductivity
versus temperature sweeps. Weight loss as a function of temperature was examined by TGA at a
heating rate of 10 °C/min from 25 °C to 700 °C in air. Plots of weight loss as a function of
temperature for TSSi and TSSi doped with TFA at 25, 50, and 100 mol% are shown in Figure
5.1a, and for T2Si in Figure 5.1b. Both TSSi neat and T2Si display good thermal stability, with
Td values well above 200 °C (Table 5.2), however, TSSi doped with TFA displays more complex
behavior. There is an initial weight loss that occurs at decreasing temperatures as the mol% TFA
increases, such that it appears that thermal decomposition occurs as low as 154 °C; all Td
temperatures are listed in Table 5.2.
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To assure that the doped materials are adequately stable to perform conductivity sweeps up to
200 °C, T8Si with 50 mol% TFA was heated isothermally in air at 150 °C for 120 minutes. The
thermally treated sample was then evaluated by 'H-NMR to assure that no chemical changes
occurred during heating, the spectrum is shown in Figure 5.2. No chemical changes are noted in
the spectrum, all the peaks appear at the expected chemical shifts and integrations show the 1,2,3-
triazole ring is intact (5 7.54 ppm and 5 14.50 ppm). The large peak at 5 3.47 ppm is most likely
from residual water in DMS0-d6 and the TFA protons. Therefore, given that there are no
apparent degradations occurring, the first weight loss observed in T8Si doped samples is most
likely residual tightly bound water and/or HsO^.
RW0744 50% TFA 120min at 150 C in air
Water (from DMSO)
and protons from TFA
-150
100
50
-0
^ ro CD o ro
-1 1 1 1
1
1 1 1 r-
10.0 5.0
n 1 r
0.0
Figure 5.2. 'H-NMR of T8Si with 50% TFA heated isothermally at 150 °C for 120 minutes
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Glass transition temperatures of T8Si, T8Si doped samples, and T2Si were determined by
DSC, traces are displayed in Figure 5.3 with values listed in Table 5.2. There is a slight decrease
in Tg of approximately 5 °C when TFA is added to the system, however, this small change is not
expected to significantly affect the mobility and/or conductivity of the material. The increase in
Tg from T8Si to T2Si is expected given the reduction in tether length, but the mobility should
remain high enough to maintain conductivity increases gained by increasing the mass fraction of
triazole.
Table 5.2. Glass transition and decomposition temperatures for
TSSi, T2Si, and TSSi doped with TFA
Material T, (°C) Tj (°C), (wt % loss)
TSSi -5.3 252 (2%)
TSSi, 25 mol% TFA -14.9 202 (2%), 269 (5%)
TSSi, 50 mol% TFA -12.23 157(2%), 269 (5%)
TSSi, 75 mol% TFA NA NA
TSSi, 100 mol%TFA -10.71 154 (2%), 250(10%)
T2Si 17.2 200 (5%)
0.5
0.0
-0.5
T2Si neal
T8Si neal
T8Si25%TFA
T8Si 100%TFA
-5.38°C(I)
-^-14.87°C(l)
-12.23°C(I)
-io.7rc(i)
-100 -50
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Figure 5.3. DSC traces for T2Si, TSSi, and TSSi doped with TFA
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The use of polysiloxane backbones clearly provides materials that are thermally stable,
however, another important criterion for membranes in fuel cells in electrochemical stability. Liu
reports the electrochemical stability of
0.0.
1,2,3-triazole is improved over imidazole,"
indicating that the triazole functionalized
polysiloxanes prepared should shown
excellent electrochemical stability.
Therefore, in the interest of completeness,
cyclic voltammetry (CV) was performed on
T8Si from -2 V to 2 V. The CV trace is
shown in Figure 5.4, there are no
Figure 5.4. CV traces for T8Si at 25 °C from -2V
significant electrochemical processes to 2V
-4.0x10'
//
cyde 1
f cydelO
0
E (volts)
occurring as evidenced by no changes from the first cycle to the 10* cycle.
5.3.2 T8Si with grafted PEG side chains
Random copolymers of T8Si with grafted PEG were prepared as outlined in Scheme 5.6.
Allyl bromide was added to poly(ethylene glycol) methyl ether (Mn=350 g/mol) (MPEG) in the
presence of sodium hydride in anhydrous DMF to give allyl-MPEG, 48. Hydrosilylation to
PHMS was performed with 42 and 48 at varying feed ratios (9/1, 8/2, 7/3) followed by POM
removal with 0.1 M NaOH/MeOH in the presence of ethylene diamine to give the copolymers
designated T8Si-xPEG, where x designates the calculated PEG incorporation as determined by
'H-NMR.
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ii. 0.1 M NaOH/MeOH (2.2 eq)
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RT, 1 .5 h
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m
Scheme 5.6. Preparation of PEG grafted T8Si
Preparation ofallyloxy-meihoxy polyfethylene glycol) (48). To a clean, dry, nitrogen purged
250 mL 2-neck round bottom flask was added sodium hydride (1.37 g, 0.057 mol) and anhydrous
DMF (50 mL). The slurry was cooled to 0 °C followed by drop wise addition of methoxy
poly(ethylene glycol) 350 (9.35 g, 0.0267 mol) under constant agitation. The mixture was stirred
for 30 minutes and allowed to come to room temperature. Allyl bromide (2.49 mL, 0.0288 mol)
was added drop wise under constant agitation and the mixture was allowed to stir for 2 hours at
room temperature. The reaction was ended by addition of a large excess of water (200 mL) and
the product extracted with ethyl acetate (10 x 25 mL). The combined organic layers were dried
over anhydrous MgS04 and filtered, solvent was removed under reduced pressure. Purification
was accomplished by flash chromatography (ethyl acetate/methanol 95/5) to give 48 as a clear
liquid (8.2 g, 80%). 'H-NMR (CDCI3) 5 3.34 (IH, s), 3.50-3.62 (26H, m), 3.98 (2H, d), 5.12-5.16
(IH, d), 5.21-5.27 (IH, d), 5.83-5.92 (IH, m). ''C-NMR (CDCI3) 5 58.90, 69.27, 70.44, 71.78,
72.08, 116.94, 134.62.
Example procedureforpreparation ofT8Si-PEG copolymers. In a dry box, 42 (372 mg, 1.33
mequiv.), 48 (130 mg, 0.33 mequiv.), poly(methylhydrosiloxane) (100 mg, 1.67 mequiv.), and
dry toluene (1.5 mL) were combined in a 25 mL round bottom flask equipped with stirbar and
rubber septum. A catalytic amount of Karstedt's catalyst (~4 drops) was added to the mixture
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under constant agitation. After addition, the flask was capped with a rubber septum and removed
fi-om the dry box and heated to 50 °C in a constant temperature bath for 3 days. The reaction was
then diluted with ether (10 mL) and filtered through a silica gel pad, followed by copious washing
with ether. Solvent was removed under reduced pressure and residual allylic starting material
was removed from the mixture by flash chromatography (ethyl acetate/hexanes, 1/1). The
product was removed from the column by washing with ethyl acetate/methanol (95/5). Solvent
was removed under reduced pressure to yield T8Si-23PEG as a clear viscous oil (293 mg, 62%).
'H-NMR (DMSO-dft) 5 0.024 (3H), 0.46 (2H), 1.49-1.59 (5.36H), 2.60 (1.66H), 3.22-3.49
(13.5H), 7.50 (0.8H), 14.47 (0.45H), 14.86 (0.38H).
The 'H-NMR is shown in Figure 5.5 for the 20% MPEG feed ratio. The integration is
normalized to the methylene protons designated c next to the triazole ring at 5 2.61 ppm. The
difference betweem the total area under the peaks at 5 1 .49 ppm and 1.59 ppm representing
methylene protons d,e,h, and m and the six protons on d,e, and h gives the contribution from
methylene protons m. This is divided by 2 to give the fraction ofPEG incorporated into the
polymer. Structural designations and the equation used for calculation are shown in Figure 5.5,
all NMR's used for calculations are shown in Appendix F. Reaction yields and mol% PEG
incorporation are listed in Table 5.3.
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Figure 5.5. 'H-NMR of T8Si with 20% 50 in the feed. Structural designations and the formula
use to calculate PEG incorporation are shown.
Table 5.3. Mol% PEG incorporation and yields of T8Si-PEG copolymers
Polymer Mole fraction of
42 in feed
Mole fraction of
50 in feed
% yield Mol% PEG
in polymer
T8Si-llPEG 0.9 0.1 65 11.0
T8Si-23PEG 0.8 0.2 62 23.0
T8Si-35PEG 0.7 0.3 58 34.5
5.3.2.1 T8Si-xPEG copolymer characterization
The copolymers T8Si-l IPEG, T8Si-23PEG, and T8Si-35PEG were analyzed by differential
scanning calorimetry (DSC) and thermogravimetric analysis (TGA) to determine Tg and thermal
stability respectively. Weight loss as a function of temperature was examined by TGA at a
heating rate of 10 °C/min from 25 °C to 700 °C in air, weight loss as a function of temperature
for all three polymers is shown in Figure 5.6. The copolymers do display some weight loss below
200 °C, however, this may be due to residual water that is tightly bound to the PEG domains. If
the decomposition temperature (Tj) is defined as the temperature where 5% weight loss occurs
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(consistently used in this dissertation) then significant weight loss does not occur until above 200
°C, Td values are listed in Table 5.4.
The DSC traces for the copolymers
are shown in Figure 5.7, with T8Si
displayed for comparison to show the
large decrease in Tg by addition of
PEG side chains. A large initial
decrease in Tg is seen at 11% PEG
incorporation, followed by smaller
incremental decreases with increasing
80'
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Figure 5.6. TGA traces for T8Si-PEG copolymers
PEG content, indicating that the decrease is not linear and that a small incorporation of PEG
effects a large Tg decrease. Both Tg and Tj values are listed in Table 5.4.
Figure 5.7. DSC traces for T8Si-PEG copolymers, T8Si shown for comparison
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5.4 Polymer conductivity
5.4.1 Sample preparation
Conductivity as a function of temperature was obtained using ac impedance spectroscopy.
Measurements as a ftmction of temperature upon cooling from 200 °C were performed under
vacuum to assure an anhydrous environment. Table 5.4. Thermal properties of T8Si-
PEG copolymers
Samples were determined to be solvent free by H- Copolymer T (°C) Ta (°C)
T8Si-llPEG -37.4 225
NMR. The Tg's of all the materials were too low to T8Si-23PEG -45 7 240
T8Si-35PEG -47.8 210
prepare free standing membranes that could be
easily handled and in the case of TSSi-xPEG the materials were liquid at room temperature,
therefore, a Kapton spacer was used to assure constant sample thickness and contact area. A 125
l^m thick Kapton tape with a 0.684 cm diameter hole was adhered to a gold coated blocking
electrode, approximately 10 mg of each material was placed within the hole and then pressed
together with a second blocking electrode. Doped samples were prepared by dissolving a known
mass of T8Si or T2Si into methanol to prepare a 20-30% solution followed by addition of the
required quantity of TFA. Prior to loading the doped samples for ac impedance, residual
methanol was removed by drying under vacuum at 40 °C for 1 8 hours.
5.4.2 Conductivity of T8Si
A plot of log(o) versus 1000/K for T8Si neat is displayed in Figure 5.8, with the curves for
T5A-27, T5S-PE, and B5A shown for comparison and Tg values displayed for reference. The
conductivity curve for T8Si neat displays the same reduced temperature dependence noted for
T5A-27 and T5S-PE, however, the overall conductivity values are much improved with
maximum conductivity at 200 °C equivalent to B5A. The improvements over T5A-27 and T5S-
PE are substantial over the entire probed temperature range indicating that minimizing Tg and
having a well-defmed synthetic route has a significant impact on the obtainable conductivity. By
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comparing T8Si to B5A it can be seen that while there are large increases in conductivity at low
temperatures (<100 °C), the two curves converge to the same value at 200 °C. The large
difference in the slopes of the two curves can be explained by the 93 °C difference in Tg values,
however, if the hypothesis that the
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conductivity should improve with decreasing
pKa of the heterocyclic protonic charge
carrier, then the maximum conductivity of
T8Si should also be higher. Following from
the argment made in chapter 4, that the
proton conductivity of 1,2,3-triazole systems
is much more dependent on the concentration
of charge carriers, the result is not surprising.
Figure 5.8. Log(a) versus 1000/K for T8Si with
The weight % of charge carrier in TSSi and 55^, T5A-27, and T5S-PE shown for
comparison
B5A (where the five membered ring of
benzimidazole is taken as the protonic charge carrier with an equivalent weight of 65 g/mol) are
nearly identical at 28.2% and 26.4% respectively. Therefore, in order to obtain conductivity
improvements at every temperature investigated, the weight % of 1,2,3-triazole would need to be
much greater than the weight % of imidazole units, this effect is explored in section 5.4.4.
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1000/K
5.4.3 Conductivity of TSSi doped with TFA
Large, approximately 1.5-2 orders of magnitude, improvements in conductivity are gained in
T8Si when doped with TFA from 25 to 100 mol%. This is consistent with the increases observed
in chapter 3 for T5A-27-30PEG, confirming that very large mole fractions of acid can be used
with 1,2,3-trizole systems. Plots of log(a) versus 1000/K are shown for TSSi and doped samples
in figure 5.9a. It can be seen that the conductivity improvements are consistent over the entire
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temperature range and the overall shape and slope of the curve does not change, indicating that
the mechanism of proton transport does not change upon acid doping. As reported in section
5.3.1.1, the Tg of TFA doped T8Si is lower than T8Si neat by 6 to 10 °C, however, this difference
is not significant enough to account for the large conductivity increases. When the data is plotted
versus T-Tg the large conductivity increases over T8Si neat are maintained, given the similarity in
Tg of all the samples, it can be inferred that the result is due to the introduction of protonic defects
into the system as observed in imidazole based materials.'""''' However, the explanation may be
more complex since in imidazole and benzimidazole the benefit of acid doping seems to reach a
maximum at approximately 15 mol%, whereas in the 1,2,3-triazoles conductivity improvements
are observed up to 100 mol% acid.
5.4.4 Conductivity of T2Si and T2Si doped with TFA
To better understand the role of weight % charge carrier in 1,2,3-triazole systems, the
conductivity of T2Si (43 wt% 1,2,3-triazole) was obtained. A plot of log(a) versus 1000/K for
T2Si neat and doped with TFA is shown in figure 5.10a. Upon doping with TFA, the
conductivity improves up to 100 mol% acid, consistent with TSSi and T5A-27, however, the
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increase is not consistent across the entire temperature range. Improvements of 3-4 orders of
magnitude are seen below 70 °C, but more modest, approximately 1.5 orders of magnitude,
conductivity improvements are realized from 80 to 180 °C.
A comparison of T8Si and T2Si in a log(o) versus 1000/K plot is shown in figure 5.10b, Tg
and weight % 1,2,3-triazole is listed for reference. By comparing the curves of the neat polymers,
the effect of the increased weight % of 1,2,3-triazole in T2Si can be seen in both the low and high
temperature ranges. The increased Tg of T2Si results in reduced conductivity below 80 °C, but
the higher charge carrier density results in improved conductivity above 80 °C, with maximum
values at 190 °C reaching 2.5 x 10"^ S/cm versus 2.0 x 10'^ S/cm for T8Si. The 100 mol% TFA
doped comparison is less definitive below 100 °C due to the change in slope, but above 100 °C
T2Si shows improvements over T8Si with up to 0.75 orders of magnitude increase at 180 °C.
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Figure 5.10. Log(a) versus 1000/TC for a) T2Si and T2Si doped with TFA and b) comparison of
T2Si and T8Si both neat and doped at 100% TFA
Therefore, by increasing the mass fraction of 1,2,3-triazole by 15%, the maximum achievable
conductivity can be improved substantially, supporting the theory that an increased mass fraction
of charge carriers is necessary in 1,2,3-triazole systems due to the complex hydrogen bonding in
1,2,3-triazole tautomeric mixtures.
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5.4.5 VTF fitting of T8Si, T2Si, and T8Si TFA doped
Using equation 2-3, VTF fits of T8Si,
T2Si, and T8Si doped with 75% and
100% TFA are plotted in Figure 5.1 1, and
the accompanying Sa values in kJ/mol are
listed in Table 5.4. Consistent with other
VTF fittings in this dissertation, the error
values are large with the largest being for
T2Si. However, the trends in Sa follows
visual interpretation of the data, there is
no significant difference in Sa fi"om the
2.4 2.6 2.8
•000/T [K]
Figure 5.11. VTF fittings of T8Si, T2Si, TSSi 75%
neat to the doped material, indicating that TFA, and TSSi 100% TFA
acid doping does not alter the proton
Table 5.4. Apparent activation energy for siloxane
the temperature dependence of the
conductivity presumably due to the accompanying Tg increase.
Polymer £a (kJ/mol) Error (kJ/mol % error
TSSi 6.81 +/-0.72 10.5
TSSi 75% TFA 5.41 +/-0.67 12.4
TSSi 100% TFA 5.40 +/-0.54 10.0
T2Si 18.60 +/-4.48 24.1
5.4.5 Conductivity of T8Si-PEG copolymers
To further explore the increased sensitivity of 1,2,3-triazole on mass fi-action contiained in
polymer systems, the conductivity of T8Si-PEG copolymers was obtained to observe the trends
when mass fraction of 1,2,3-triazole is reduced. Conductivity of copolymers TSSi- 1 1 PEG, TSSi-
23PEG, and T8Si-35PEG is shown in Figure 5.12a in a log(o) versus 1000/K plot with TSSi and
T2Si displayed for comparison; Tg and weight % triazole are shown for reference. Upon addition
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of PEG, the Tg decreases dramatically from -5 °C for T8Si to -37 °C for T8Si-l IPEG, -46 °C for
T8Si-23PEG, and -48 °C for T8Si-35PEG. With the decrease in Tg also comes an associated
decrease in the temperature dependence of the conductivity as evidenced by the more shallow
slopes of T8Si-PEG copolymers. There is also a decrease in the conductivity above 80 °C, that
follows the decreasing 1,2,3-triazole content, while this trend was also observed in the B5A-PEG
copolymers reported in chapter 2 section 2.3.2, conductivity decreases are observed only above
160 °C, the effect here is much more pronounced with conductivity decreases beginning at
temperatures as low as 80 °C. When T8Si-PEG, T8Si, and T2Si conductivity values are plotted
as a function of T-Tg (figure 5.12b), the effect of weight % 1,2,3-triazole can clearly be seen. As
the 1,2,3-triazole content is reduced from a high of 43% in T2Si, there is a large drop in
conductivity at any given T-Tg value. The trends observed offer further support that 1,2,3-
triazole systems are more sensitive to weight % charge carrier fluctuations than imidazole or
benzimidazole based systems.'^'
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Figure 5.12. A comparison of T8Si-PEG copolymer conductivity with T8Si and T2Si in a) log(a)
versus 1000/K plot and b) log(a) versus T-Tg plot
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5.4.6 Comparison of TXSi to imidazole functional siloxanes
In addition to the experimental evidence presented supporting the importance of mass
fraction in 1,2,3-triazole systems, a comparison of T8Si and
T2Si conductivity can be made to literature values reported / J- \ / g( \
for siloxanes with tethered imidazoles by Meyer7 \ N
Specifically, there is an analog to T8Si, PImSl, which has /~0 O
imidazole tethered by an eight atom spacer (Scheme 5.7), 0\ A \\ [ \
—\ ji HN-^
N
for consistency in comparison, PImSl will be referred to as H
l8Si (PImSl) l5Si (PImSs)
I8Si. The weight % imidazole in I8Si is 27.7%, nearly Scheme 5.7. Structure of I8Si
and 15Si, as reported by Meyer^
identical to T8Si, and the Tg is 7 °C, approximately 12 °C
higher than T8Si. Given the similarities, in mobility and charge carrier density, it would be
expected that the conductivity as a function of temperature should be similar for I8Si and T8Si.
However, as can be seen in Figure 5.13a, with the exception of the point at 40 °C, T8Si
conductivity is lower over the entire temperature range. Reducing the spacer length, thereby
increasing the mass fraction of charge carriers, in the imidazole system results in an increase in Tg
and an associated decrease in conductivity. The material 15 Si (labeled PImSs by Meyer) has a Tg
of 41 °C and a weight % imidazole of 34%, this change results in a conductivity decrease of
nearly an order of magnitude at 160 °C, while an increase in weight % triazole to 43% in T2Si
with an associated Tg of 19 °C shows an order of magnitude increase in conductivity at 160 °C
(Figure 5.13a).
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Figure 5.13. Comparison of 1,2,3-triazole and imidazole functional polysiloxanes, a) log(a) versus
1000/K and b) log(a) versus T-Tg
The differing dependence of imidazole and 1,2,3-triazole on mass fraction charge carrier
density can be seen in a plot of log (o) versus T-Tg (Figure 5.13b). Although there is a 6%
difference in the mass fraction between I8Si and I5Si, the two curves converge into one master
curve indicating that the differences in conductivity on a real temperature scale can be attributed
to the change in Tg, this is consistent with all tether lengths investigated by Meyer.^ This is in
contrast to the trends noted for 1,2,3-triazole, where a 15% increase in mass fraction from T8Si to
T2Si, results in an increase in conductivity at a given T-Tg value. Additionally, the increased
conductivity cannot be attributed to mobility because T2Si has a higher Tg than T8Si, and is most
likely due to the increased charge carrier density compensating for the tortuous hydrogen bonded
pathway within the 1,2,3-triazole tautomeric mixture. It is interesting to note that the T2Si
conductivity versus T-Tg plot seems to collapse to the same master curve as ISSi and 15Si,
indicating that once a threshold charge carrier density is reached, 1,2,3-triazole systems function
nearly the same as imidazole systems.
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It has been well established throughout his dissertation that introducing acid to heterocyclic
proton conducting systems results in conductivity increases, however, when compared to
literature resuhs, the magnitude of the increase for 1,2,3-triazole systems reported here is larger
than in dinitrogen heterocycle systems such as imidazole and benzimidazole. This difference is
evident when log(o) versus 1000/K plots of both I5Si and I8Si doped with TFA (as reported in
the dissertation of Scharfenberger) are
compared to T8Si and T5Si doped with TFA,
as shown in Figure 5.14." The large
increase in conductivity for T8Si doped with
100% TFA shifts the curve such that values
are higher than, or equal to, I5Si with 10.4%
TFA over the entire temperature range and
higher than ISSi with 13.4% TFA at
temperatures below 100 °C. Additionally,
the conductivity of TSSi with 100% TFA
shows a reduced dependence on temperature,
spanning approximately 1.5 orders of magnitude from 60 °C to 160 °C, whereas I5Si with 10.4%
TFA spans approximately 3.5 orders of magnitude over the same temperature range. For T2Si
with 100% TFA, the conductivity increase moves the material on par with, or slightly better than,
ISSi with 13.4% TFA; the curves in Figure 5.13 are nearly identical. Given the similar
conductivity, the argument can be made in favor of using 1,2,3-triazole as the protonic charge
carrier due to the synthetic ease and scalability of the [3+2] cycloaddition to form the triazole
under "click" conditions.
The conductivity achievable with these 1,2,3-triazole functionalized polysiloxanes is high
enough to consider preparing membrane electrode assemblies (MEA) for preliminary fuel cell
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Figure 5.14. Comparison of 1,2,3-triazole and
imidazole functionalized polysiloxanes doped
with TFA
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testing, however, the low Tg of the materials poses structural problems. Specifically, at the
highest operating temperatures (>150 °C) the polymers will have minimal (if any) mechanical
properties due to the rubbery/viscous nature of the materials. Therefore, structural integrity will
have to be imparted to make these materials useful.
5.5 Structural reinforcement
Structural reinforcement of low Tg proton conducting polymers can be achieved in several
ways, confinement of the material in a nanoporous matrix, lightly crosslinking to form a non-
flowing network, and the preparation of block copoymers to form a micro-phase separated system
where a non-conducting high Tg block would act to support the low Tg conducting block. Both
nanoporous confinement and network formation were explored using T8Si for proof of concept,
block copolymer preparation was not pursued at this time due to the difficulties encountered with
ring-opening polymerization of cyclic monomers 41 and 43. However, a viable route to block
copolymers by AROP of a less sterically hindered functionalized D4 monomer is proposed in
chapter 6.
5.5.1 Nanoporous confinement of T8Si
Nanoporous confinement of a low Tg proton-conducting polymer can potentially serve two
purposes, the first is simply for the rigid matrix to provide structural support so that the material
can be handled and will not flow or deform in a MEA at higher temperatures. The second is
orientation of polymer chains inside the pore, which could lead to improved conductivity due to
directed proton transport. This effect has been observed in lithium ion conduction in
polyelectrolytes and in poly(AMPSA) grown from the walls of nanoporous polycarbonate
membranes, where the conductivity of the material increases as the pore size in the membrane
decreases.'^ Orientation of polymer chains within the pores generally occurs only when the
radius of gyration (Rg) of a single chain is larger than the pore diameter. However, for T8Si, the
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Mn is approximately 8000 g/mol (calculated), much too low for Rg to be on the order of tens of
nanometers. Therefore, the goal in loading nanoporous membranes with T8Si is to show proof of
concept that structural intergrity can be achieved without loss of conductivity.
Nanoporous alumina disks are commercially available from Whatman as filters under the
trade name Anodisk, pore sizes of 20
nm, 100 nm, and 200 nm are
available, and the disks contain
between 25% and 50% pores. Two
SEM images of an Anodisk from
Whatman are shown m Figure 5.15.
^.^^^^ ^ ^EM picture ^^rAlTodTskT^u""
Whatman
It can be seen that the pores are
uniform in size and travel straight through the membrane, therefore, when filled with conductive
material the proton pathway remains the same as the bulk and only contact surface area is
affected. Given the low Mn of TSSi, focus was put on optimizing the process of filling the
Anodisk pores and the 200 nm pore Anodisk was used for all filling and conductivity trials.
Anodisk pore filling by capillary action has been accomplished for several high Mn polymers
and block copolymers by Russell and McCarthy,'^ however, in the case of TSSi solvent casting
provided better results. A solution of TSSi between 10% and 15% by weight in methanol were
prepared and applied to the surface of a 200 nm Anodisk that was placed on top of a Teflon sheet.
The solvent was allowed to dry for 1 5 minutes, then consecutive polymer solution coatings were
applied in the same fashion, this application procedure was repeated 5 times and 10 times on two
separate Anodisks. The coated Anodisks were allowed to dry on the benchtop for one hour,
followed by drying under vacuum at 40 °C for 1 8 hours to assure complete removal of methanol.
The resulting membranes were brittle but easily handled. Conductivity (a) as a function of
temperature was obtained using ac impedance spectroscopy. The filled membranes were clamped
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between two gold-coated blocking electrodes and measurements as a function of temperature
upon cooling from 200 °C were performed under vacuum to assure an anhydrous environment.
A plot of log(CT) versus 1000/K for the 200 run Anodisk filled with T8Si is shown in Figure
5.16 with T8Si neat shown for comparison. The error bars around the two Anodisk curves are a
result of the uncertainty in the actual porosity of the Anodisk. The surface area in contact with
the electrodes is required to calculate conductivity, therefore, two values were calculated. The
high conductivity value on the error bar has been corrected for 25% Anodisk porosity and the low
value corrected for 50% Anodisk porosity, the points along the line are the average of the two.
The Anodisk with 5 coatings of T8Si shows
reduced conductivity over TSSi whereas the
Anodisk with 10 coatings statistically shows
equal conductivity to TSSi. The difference
between the two is thought to be due to
incomplete filling of the pores with only 5
coats of TSSi solution. However, once the
pores are completely filled, it is apparent that
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the conductivity of TSSi in not affected by Figure 5.16. Log(a) versus 1000/K of TSSi neat
and loaded into a 200 nm pore anodisc, values
the structural suppot of the Anodisk. adjusted for reduced surface area
5.5.2 TSSi crosslinking
In addition to using a separate structural support such as an Anodisk, structural integrity of
TSSi can also be achieved by forming a lightly crosslinked network. Low crosslink density
would assure that local mobility is minimally affected, yet the polymer would form free standing
membranes and not flow at high temperatures. To show concept feasibility for TSSi, the
crosslinking agent chosen was l,2,7,S-diepoxyoctane, which reacts with the 1,2,3-triazole NH at
elevated temperatures to form a network (Scheme 5.S). While there is some reduction in charge
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carrier density due to the reaction at the 1,2,3-triazole, it should be minimal at the levels of
crosslinker used (2 and 5 mol%). An alternate crosslinkning method such as hydrosilylation
would require preparation of T8Si with residual Si-H functionality, resulting in the same charge
carrier density loss. Therefore, due to simplicity the diepoxide route was pursued at this time.
Scheme 5.8. Diepoxide crosslinking of T8Si
Crosslinked films of T8Si were prepared for ac impedance testing by placing 50 mg (0.2
mmol) of polymer in a small vial followed by a few drops of MeOH/THF (1/1) to allow for
adequate mixing of polymer and crosslinker. To the polymer solution was added 1,2,7,8-
diepoxyoctane, either 0.7 |iL (0.005 mmol) or 1.5 i^L (0.01 mmol) to prepare a 2.5 mol% or a 5
mol% crosslinked menebrane respectively. The resulting solutions were cast onto glass
microscope slides and allowed to air dry for approximately 20 minutes, then moved to an oven at
80 °C. Curing was allowed to proceed for 1 8 hours at 80 °C, after which the slides were removed
from the oven, allowed to cool, then submerged in water to remove the membranes. Free
standing membranes with both 2.5 mol% and 5 mol% 1,2,7,8-diepoxyoctane were obtained. The
membranes were placed onto Teflon sheets and dried under vacuum to assure the removal of any
absorbed water. A piece of each membrane was submerged in methanol and heated to 40 °C for
18 hours, both membranes were insoluble and remained intact after the solvent treatment
indicating that a network did indeed form. The samples were allowed to soak in methanol for an
additional three days, after which the membrane pieces remained unchanged.
Conductivity (a) as a function of temperature was obtained using ac impedance spectroscopy.
The free-standing membranes were clamped between two gold-coated blocking electrodes and
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measurements as a function of temperature upon cooling from 200 °C were performed under
vacuum to assure an anhydrous environment. Figure 5.17 shows the plot of log(a) versus
1000/K for both 2.5% and 5% crosslinked materials with T8Si shown for comparison. There is a
shift down in conductivity over the entire temperature range for the crosslinked materials,
however, the drop is not drastic and the slope of T8Si neat is maintained. There is an
inconsistency in the trend, the membrane with 5% crosslinker shows slightly higher conductivity
than the membrane with 2.5% crosslinker, it was expected that increasing the amount of
crosslinker would result in a larger
conductivity drop. While further study is
needed to fully define the optimal amount of
crosslinking, this shows that lightly
crosslinked membranes can maintain good
conductivity and structural integrity over a
broad temperature range. Additionally, to
prepare crosslinked free standing membranes
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5.6 Summary
Building on the information gained in chapters 3 and 4, in chapter 5 polysiloxanes with
tethered 1,2,3-triazole were prepared in order to define the operating space of well-defined low Tg
and thermally and chemically stable polymers for proton conduction facilitated by the 1,2,3-
triazole moiety. Two cyclic siloxane tetramers containing an N-protected 1,2,3-triazole tethered
by an 8 atom linear chain were prepared for ring-opening polymerization (ROP). The first (41)
utilized a SEM protecting group on the 1,2,3-triazole to assure stability in the presence of
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hydroxide and/alkoxidc during AROP, the second (43) utilized a POM protecting group to assure
stability in the presence of a strong acid such as triflic acid during CROP. Unfortunately,
polymerization of both 41 and 43 resulted in no polymerization or low molecular weight
oligomers regardless of polymerization conditions. The result is most likely due to the steric bulk
surrounding the cyclic tetramer, consistent with literature reports of D4 containing bulky
substituents.*^'"
To circumvent the ROP issues, allyl or vinyl functionalixed 1 ,2,3-triazoles (42 or 46
respectively) were tethered to poly(hydroxymethylsiloxane) (PHMS) via hydrosilylation using
Karsteadt's catalyst. The two resulting polymers, T8Si and T2Si, displayed thermal stability to
220 °C, Tg values of -5 °C and 19 °C respectively, and electrochemical stability up to 2V as
determined by CV. Conductivity as a function of temperature of the two materials was notably
different, with T8Si spanning approximately 2.5 orders of magnitude from 40 °C to 200 °C and a
maximum value of 2 x 10 ^ S/cm at 200 °C and T2Si spanning approximately 4.5 orders of
magnitude from 40 °C to 190 °C with a maximum value of 2.5 x lO""* S/cm at 190 °C. Consistent
with the observations in this dissertation and elsewhere, Tg plays a significant role in determining
the conductivity at low temperatures while charge carrier density is more dominant a high
temperatures.'^" "° The conductivity of T2Si is lower than T8Si below 80 °C, but becomes
increasingly higher than T8Si at temperatures above 80 °C.
Conductivity of TFA doped T8Si and T2Si was obtained and followed the same trends
observed with T5A-27-30PEG in chapter 3. Doping up to 100 mol% produced conductivity
increases of nearly 2 orders of magnitude over the entire probed temperature range, and the basic
shape of the curve was maintained regardless of doping level. The maximum conductivity
obtained for T2Si doped with 100% TFA at 180 °C is 6.2 x 10'^ S/cm, indicating that T2Si could
be used to make a MEA to determine performance under fuel cell operating conditions.
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Further insight into the sensitivity of 1 ,2,3-triazole systems to changes in charge carrier
density (as discussed in chapter 4) was gained by comparing T8Si, T2Si, and copolymers of T8Si
with grafted PEG side chains, providing a range of 43 weight % to 14 weight % 1,2,3-triazole
content. As expected, decreased triazole content resulted in reduced conductivity at high
temperatures but increased conductivity at low temperatures. Between T8Si and T8Si-PEG
copolymers the differences in conductivity appear to be incremental, however, there is a large
jump in conductivity between T8Si (28% triazole) and T2Si (43% triazole). This indicates that
the optimum loading level of 1,2,3-triazole in these systems may be as high or higher than 43
weight %.
Direct comparison of T8Si and T2Si to imidazole functionalized polysiloxanes provides
confirmation that 1,2,3-triazole based proton conductors are more sensitive to changes in charge
carrier density and shows different trends when changes are implemented. Two materials, I8Si
and I5Si were used for comparison;^' I8Si is a nearly direct analog to T8Si, both contain 28
weight % heterocycle content and the T5Si contains 34 weight % imidazole. When plotted
together (Figure 5.12a) it can be seen that I8Si reaches a much higher conductivity than T8Si
even though there are equal mass fractions of heterocycle in the two materials. Only when the
1,2,3-triazole content is 43 weight %, in T2Si, does the conductivity start to approach that of I8Si,
indicating that a much higher charge carrier density of 1,2,3-triazole is necessary to obtain
conductivity values similar to imidazole based systems. However, it is interesting to note that
changes in charge carrier density appear to produce opposite effects depending on the nature of
the heterocycle. Increases in imidazole content (from I8Si to I5Si) result in a 35 °C Tg increase
and a subsequent reduction in conductivity due to decreased mobility, and while an increase in
1,2,3-triazole content (from T8Si to T2Si) does result in a Tg increase of 25 °C, the conductivity
of T2Si increases rather than decreases. Comparison of samples doped with TFA (Figure 5.12b)
shows that T8Si surpasses the performance of 15 Si over the entire temperature range and 18 Si at
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temperatures below 100 °C and T2Si displays nearly identical or slightly better performance than
I8Si at all temperatures.
The low Tg of both TSSi and T2Si prevent the preparation of MEAs for fuel cell performance
testing, however, an exploration into structurally reinforcing the materials indicates that two
methods would allow use of the materials up to 200 °C. Anodisk porous membranes with pore
size of 200 nm were filled with TSSi, conductivity of the resulting membrane was the same as the
neat material after surface area reduction was accounted for. Filling the pores with TSSi doped
with TFA should produce membranes with conductivity high enough for MEA testing
Additionally, TSSi was lightly crosslinked with 1,2,7,8-diepoxyoctane to form free standing
membranes that were easily handled for conductivity measurements. Two levels of crosslinking
were investigated, 2.5% and 5%, in both cases the resulting membranes were insoluble in
organinc solvents. Conductivity of the crosslinked membranes indicates that there is a modest
decrease in conductivity over the entire temperature range, presumably due to decreased mobility
resulting from the network formation. However, conductivity values remain high enough such
that if the membranes were doped with TFA values are expected to be high enough for MEA
testing.
The results of this chapter indicate the promise of utilizing 1,2,3-triazoles as protonic charge
carriers in anhydrous proton conducting polymers, however, fiarther optimization of the system
and exploration to determine and expand the operating space is necessary. In chapter 6, a
discussion of the trends and important structural features found throughout this investigation will
be presented. In addition, several research avenues will be proposed, detailing the possible
synthetic pathways, expected outcomes, and relevance to expanding this body of work.
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CHAPTER 6
FUTURE WORK AND PROJECT EXTENSIONS
This final chapter will consist of two sections. The first, section 6.1 gives a synopsis of the work,
results, and conclusions from chapters 2-5 as well as a discussion of the progress made in proton
conductivity as a function of temperature. In section 6.2, future directions will be outlined and
proposed, including continuation of structural reinforcement, preparation of block copolymers,
and the concept of a dual mechanism proton conducting membrane.
6.1 Dissertation summary and conductivity progression
6.1.1 Summary
There were two main goals at the beginning of this dissertation, the first was to gain insight
into the structural factors governing proton transport by dinitrogen heterocycles tethered to
polymers, specifically benzimidazole. This was covered in chapter 2, where the strong influence
of local system mobility (as determined by Tg) and charge carrier density was observed,
confirming literature reports that these two factors account for nearly all conductivity effects.''^
It was found that if mobility could be increased without effecting a change in charge carrier
density, the conductivity of the material increased. However, further reduction of polymer Tg
through copolymerization with poly(ethylene glycol) (PEG) functional momomers provides
mixed results."^ As the PEG content is increased, the conductivity at low temperatures can be
increased dramatically due to increased system mobility, however, at high temperatures the
conductivity decreases due to reductions in charge carrier density.
The second goal was to investigate the use of alternate heterocycles to determine if further
conductivity increases could be obtained, these details have been covered in chapters 3-5. An
investigation into various triazoles lead to the conclusion that 1,2,3-triazole are synthetically the
most convenient to prepare, utilizing "click" chemistry described by Sharpless.'' It was theorized
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that decreased heterocycle pKa may provide improved conductivity due to the larger proton
dissociation constant, an idea supported by subsequent literature reports by Liu and
Zowadzinski."^' ^ Therefore, polyacrylates with tethered 1 ,2,3-triazoIe units (T5A-27) were
prepared as a direct analog to the benzimidazole functional polyacrylate (B5A) from chapter 2.
Unfortunately, conclusions about the influence of pKa on the conductivity could not be made due
to the much lower Tg of T5A-27 (16 °C) compared to B5A (88 °C), and interpretation was further
complicated by the unavoidable presence of up to 27 mol% N-methyl substituted triazole in the
polymers. However, some interesting trends were noted in the data; addition of PEG to the
system results in conductivity improvements, minimizing the N-methyl substituted triazole
content results in conductivity improvements, and the overall temperature dependence of the
conductivity is improved over B5A.^ The maximum achievable conductivity for T5A-27 and
T5A-27-PEG copolymers is generally lower than B5A, the exception is in T5A-4-30PEG where
the amount of N-methyl substituted triazole is minimized. In this case the two materials display
nearly identical conductivity at 200 °C with T5A-4-30PEG showed improvements at
temperatures below 200 °C.
Given the positive trends observed in chapter 3, it was decided to pursue a well-defined
system by preparing styrenic monomers and subsequently polymers with tethered 1,2,3-triazole.
This approach allowed for precise synthesis of monomers, eliminating the N-methyl substituted
triazole side products that plagued the acrylate study, and therefore, styrenic polymers with 100
mol% triazole substitution were able to be prepared. Unlike the acrylate materials, the thermally
stable T5S-PE and T5S-C polymers displayed Tg's above 70 °C, severely limiting the versatility
of the materials. However, several key pieces of information resulted from comparison of T5S-
PE, T5S-C and B5A. The three materials have Tg values within 20 ° of each other, contain a
heterocycle attached to each repeat unit, and have similar mass fractions of active heterocycle,
therefore, it was expected that the conductivity of the three polymers would be similar. But as
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shown in Figure 4.7b, the conductivity of T5S-PE and T5S-C do not match B5A, and are lower
by nearly two orders of magnitude at 200 °C. This result indicates that, all critical factors being
equal, the performance of 1,2,3-triazole as a protonic charge carrier is poor compared to
benzimidazole. However, there were promising results from the acrylate study, and an
explanation of the poor 1,2,3-triazole performance was devised after investigating the nature of
1,2,3-triazole \H to 2H tautomerism, in the gas, liquid (solution), and solid states. The proposed
explanation is that due to 1,2,3-triazole tautomeric shifts and the resulting complex hydrogen
bonding, proton transport is not as direct in 1,2,3-triazoles as in dinitrogen heterocycles such as
imidazole and benzimidazole. Therefore, a larger mass (or volume) fraction of 1,2,3-triazole
moieties is required to reach the same proton transport efficiency.
Chapter 5 reported the preparation of polysiloxanes with tethered 1,2,3-triazoles by
hydrosilylation of PHMS. The choice of backbone and synthetic route provided a modular
approach to prepare low Tg polymers and copolymers in an easy and well-characterized manner.
Two homopolymers were prepared, one with an eight atom tether (T8Si) and one with a two atom
tether (T2Si) between the backbone and the 1,2,3-triazole, resulting in mass fractions of 28%
(TSSi) or 43% (T2Si) 1,2,3-triazole. This allowed for direct comparison of T8Si with B5A (28%
and 25% active heterocycle respectively) where T8Si showed greatly improved conductivity at
low temperatures and equal conductivity at 200 °C. To explore the mass fraction theory proposed
in chapter 4, a comparison of TSSi and T2Si was made that showed marked improvement in
conductivity from T8Si to T2Si at high temperatures, showing that at higher mass fractions of
1,2,3-triazole, conductivity improvements can be obtained. The highest conductivity values
reported were for TFA doped TSSi and T2Si, with conductivity jumps of nearly 2 orders of
magnitude over the neat materials, this pushed the conductivity to nearly 10"^ S/cm for T2Si
which is nearly good enough to prepare MEAs for fuel cell testing. Further insight into the utility
of 1,2,3-triazoles and the influence of charge carrier mass fraction on conductivity was gained by
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directly comparing T8Si and T2Si with imidazole functionalized polysiloxanes I8Si (28%
imidazole) and I5Si (34% imidazole) reported by Meyer and Scharfcnbergcr.**' ^ The direct
comparison shows that the conductivity of T8Si is 1.5 orders of magnitude lower than I8Si at 160
°C, however, T2Si is lower than I8Si by only 0.75 orders of magnitude at 160 °C, confirming that
a greater mass (volume) fraction of heterocycles is needed when utilizing 1,2,3-triazolc as the
protonic charge carrier. Comparison of the TFA doped materials shows that 1,2,3-triazole
systems can equal, or even slightly surpass, the performance of imidazole, with doped T8Si
showing improved conductivity over doped I5Si at all temperatures and doped I8Si at
temperatures below 100 °C and T2Si showing equal or slightly higher conductivity over I8Si at
all temperatures. Finally, two methods to impart structural integrity to T8Si were reported.
Nanoporous confinement in a 200 rmi pore Anodisk and lightly crosslinking with 1,2,7,8-
diepoxyoctane demonstrated that preparation of membranes for possible use in MEAs does not
result in dramatically reduce conductivity performance.
6.1.2 Conductivity progression
As shown throughout this dissertation and as summarized above, significant progress has
been made in improving the conductivity of polymers containing tethered heterocycles. The
maximum achievable conductivity and the temperature dependence of the conductivity have been
addressed. Graphical representation of the progress made is shown in Figure 6.1, where many of
the polymers prepared are compared to Nafion 1 12 in a log(a) versus 1000/K plot. Nafion 1 12
was soaked in water prior to clamping between two gold-coated blocking electrodes and
performing ac impedance measurements from 25 °C to 1 80 °C in air. To mimic conditions under
which data was collected throughout this dissertation, there were no humidification controls in the
oven chamber and the Nafion 112 film dried as the temperature was raised. (Note: the initial
conductivity of Nafion 112 under these testing conditions is approximately 1 x 10"^ S/cm at 25
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°C, 1 to 2 orders of magnitude lower than Nafion under strictly controlled atmospheric
conditions. This was intentional to demonstrate the poor performance of Nafion compared
directly to anhydrous proton conducting materials.
B5A-PEGMEA 35
Figure 6.1. Conductivity progression of heterocyclic proton conduction compared to Nafion 1 12
Figure 6.1 shows the decrease in Nafion performance as the temperature increases and the
opposite trend in the heterocyclic based materials. In the benzimidazole systems, beginning with
B5A, the conductivity is poor at low temperatures, but reaches values similar to dry Nafion by
200 °C. Reducing the Tg, as in the case of B5A-PEGMEA 35, resulted in large improvements in
the low temperature conductivity, reducing the temperature dependence of the conductivity,
however, maximum values at 200 °C are still too low. Making dramatic changes to the system by
utilizing the low Tg polysiloxane backbone and the 1,2,3-triazole moiety as the protonic charge
carrier provided large improvements in overall conductivity and temperature dependence. The
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polysiloxane T8Si displays the lowest conductivity dependence on temperature reported to date
for anhydrous polymer bound heterocyclic systems,"' spanning approximately 2.5 orders of
magnitude from 40 °C to 200 °C. When the mass fraction of 1 ,2,3-triazole is increased (T2Si),
the temperature dependence of the conductivity increases but the maximum conductivity
improves by approximately one order of magnitude over TSSi and the conductivity exceeds
Nafion 112 beginning around 120 °C. When both TSSi and T2Si are doped with 100 mol% TFA,
the results are even more dramatic, both show large increases in conductivity across all
temperature ranges, each material retains its respective conductivity temperature dependence, and
conductivity values for both exceed Nafion 1 12 beginning at around 90 °C.
Although conductivity versus temperature curves nearly identical to T2Si with 100 mol%
TFA have been reported for TFA doped polysiloxanes containing tethered imidazole units, the
synthetic ease and versatility of "click" chemistry as well as the ability to absorb up to 100 mol%
of a small molecule acid uniquely positions 1,2,3-triazole and derivatives to be utilized for proton
conduction in a variety of ways. Several projects expanding on the 1,2,3-triazole work presented
are outlined below including further exploration of nanoporous confinement, potential
preparation of block copolymers, and a proposed route to "dual mechanism" proton conducting
membranes where proton conduction at low temperatures occurs through partially hydrated acid
functional domains and at high temperature though anhydrous heterocyclic domains.
6.2 Future directions
As mentioned above, expansion of this body of work can continue along several experimental
pathways. In this section, lines of research that continue along a path already defined and/or new
paths are presented and outlined. The first path in section 6.2.1 is a continuation to explore
tethering 1,2,3-triazoles onto low Tg backbones other than polysiloxanes, covering
polyphosphazines and polyethers derived from polyepichlorohydrin. Section 6.2.2 is a
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continuation and expansion of the initial concept of structural reinforcement, either by network
formation, nanoporous confinement, or the preparation of block copolymers with one conducting
block and one mechanically robust block. In section 6.2.3, the new concept of "dual mechanism"
proton conduction is presented, where the mechanism of proton conduction depends on the
temperature and relative humidity in the system. Finally, in section 6.2.4, preparation of
substituted triazoles is outlined, and, while it seems as though heterocycle acidity does not play a
large role in determining conductivity, substituted 1,2,3-triazoles may offer other benefits.
6.2.1 Alternate low Tg backbones
6.2.1.1 Polyphosphazines
In addition to polysiloxanes, polyphosphazines (PPZ) offer one of the most inherently
flexible polymer backbones with Tg values ranging from -60 °C to -100 °C'^ This along with
the versatility of easily attaching one or multiple substituents to each repeat unit have lead to
PPZs being explored for lithium ion conduction as well as for potential use as polymeric proton
conductors.'''"'^ It follows that preparing PPZs with tethered 1,2,3-triazole would be
complimentary to the polysiloxanes already reported and similar chemistry can be used to prepare
functionalized 1,2,3-triazoles for attachment to poly(dichlorophosphazine). A synthetic route is
shown in Scheme 6. 1 . 2-(trimethysilyl)ethoxymethyl azide (39) is prepared as reported in chapter
5 and reacted with an alkyne-alcohol, resulting in SEM protected 1,2,3-triazoles containing an
alcohol tethered by a 1, 2, or 4 carbon chain at the 5 position. The alcohol functionalized 1,2,3-
triazole can then be attached to poly(chlorophosphazine) in the presence of sodium hydride
followed by SEM removal under acidic conditions. The resulting 1,2,3-triazole functionalized
PPZs contain two heterocycles per repeat unit, offering an increase in charge carrier density over
T8Si and T2Si, opening a route to probe the effect of further increases in mass fraction of 1,2,3-
triazole.
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Scheme 6.1. Preparation of 1 ,2,3-triazole functionalized polyphosphazines
6.2.1.2 Polyethers
Although preparation of T8Si and T2Si is well-defined and easily scalable, the molecular
weight of the polymers is limited due to the low molecular weight PHMS starting material (Mp =
2000 g/mol). The PPZs outlined above do offer a route to higher molecular weights, however,
preliminary results indicate the starting poly(dichlorophosphazine) is limited to approximately Mn
= 25,000 g/mol. Preparation of a low Tg 1,2,3-triazole functionalized polymer with Mn above
500,000 g/mol would allow the preparation of freestanding membranes for ac impedance
measurements and characterization of mechanical properties. Additionally, exploration into the
effects of nanoporous confinement and potential chain alignment on conductivity can be
performed. Polyethers with low Tg values and high molecular weights can be prepared by ring-
opening polymerization of oxirane and functionalized oxiranes,'^ many of which are
commercially available.
A synthetic route to 1,2,3-triazole functionalized polyether materials is proposed in Scheme
6.2. Modification of commercially available polyepichlorohydrin (Mn = 700,000 g/mol) is
accomplished by Williamson ether synthesis using various length alkyne-alcohols. The resulting
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alkyne functionalized polyether(s) can then be reacted with azidomethyl pivalate under "click"
conditions to functionalize with substituted 1 ,2,3-triazoles followed by POM removal under basic
conditions to give the free triazole attached by various tether lengths. The variable tether length
allows for the exploration of heterocycle mass fraction effects to compare to the siloxane and PPZ
materials.
J^^l
^
\^0^ NaH. THF. DMF Jr^o\
V
^ - n RT, 18 hours ^ T #
^Cl n = 1,2,4
'
n = 1,2,4
n
O i. CUSO4, NaAsc,
THF/water (2/1). 18 h
N3 O
jj MeOH/ii. 0.1 M NaOH/MeOH (2.2 eq)
ethylenediamine (5 eq) O-Wn m
RT, 1.5h Y\,
n = 1,2,4 IL ^
N
H
Scheme 6.2. Preparation of 1,2,3-triazole fiinctionalized high Mn polyethers
6.2.1.3 Multi-substituted polysiloxanes
Further extension of 1,2,3-triazole functionalized polysiloxanes can be accomplished through
preparation of multi-substituted materials. The ability to tether more than one 1,2,3-triazole onto
each siloxane repeat unit would allow exploration of polysiloxanes containing 1,2,3-triazole mass
fractions higher than 43% (the maximum achievable with monosubstitution). In this way the
optimal balance of mass fraction charge carrier density and Tg can be determined.
A range of substitution levels from 1 to 2 per repeat unit can be prepared according to the
method proposed in Scheme 6.3 based on similar techniques to prepare lithium ion conductors
reported by Lyons and West.'^" "° Starting with either dichlorosilane or dichloromethylsilane, 46
is attached via hydrosilylation to produce either the disubstituted dichlorosilane 49 or the
monosubstituted dichlorosilane 50. Polymers containing varying amounts of 49 and 50 are
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prepared by addition of water/pyridine (1/4) at room temperature to form polymer by hydrolysis,
the 1,2,3-triazole content in the polymer can be altered by changing the feed ratio of 49 and 50.
In this way polysiloxanes can be prepared that contain mass fractions of 1 ,2,3-triazole from 43%
to 57%, to complete the series begun with T8Si and T2Si to determine the optimal balance of
mass fraction and To.
Cl-Si-CI
or + ^iv^^'^/N^poivi
Cl-Si-CI
46 60 C, 12 h
i. water/pyridine (1/4)
n 49 + m 50
„ _ n 1 ii- MeOH/li. 0.1 M NaOH/MeOH (2.2 eq)n - 0 to 1 ... J- • \
m = 1-n ethylenediamine (5 eq)
RT, 1.5 h
N
N-NH N'NH
Scheme 6.3. Proposed synthesis of high 1,2,3-triazole mass fraction polysiloxanes
6.2.2 Structural reinforcement
6.2.2.1 Crosslinked polysiloxanes
Conceptually it was shown in chapter 5 that T8Si could be lightly crosslinked through the
1,2,3-triazole nitrogen using 1,2,7,8-diepoxyoctane. The resulting material formed a flexible
freestanding membrane with minimal conductivity loss over the neat linear material, however, the
conductivity is too low to prepare MEAs for more extensive testing. The conductivity of TFA
doped TSSi and T2Si reach the range (10"^ to lO""^ S/cm) where MEA testing becomes feasible.
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therefore, it is necessary to prepare TFA (or other acid) doped crosslinked 1,2,3-triazole
ftinctionalized siloxanes.
Doping of T8Si crosslinked with 1,2,7,8-diepoxyoctane (either 2.5% or 5%) was attempted
by soaking the membranes in a methanol containing a calculated amount of TFA to reach a 75
mol% doping level, however, the membranes began to break up into smaller pieces. Given that
the membranes were not damaged by methanol alone (see chapter 5) , it was concluded that the
acidic methanol is attacking the linkage created by 1,2,7,8-diepoxyoctane. If this is indeed the
case, then the utility of crosslinking through the 1,2,3-triazole functionality is limited to
information gathering. With this in mind, T8Si was doped with 75% TFA prior to addition of 5%
1,2,7,8-diepoxyoctane, in this case the crosslinking reaction was successful and a freestanding
film was created that did not dissolve in methanol. However, membranes large enough for ac
impedance were not prepared. Continuing this line of experiments to prepare several membranes
of T8Si and T2Si at different TFA doping levels and crosslink densities would map out the
conditions required for optimum performance, which could then be applied to more robust
crosslinking methods.
An alternate crosslinking method is outlined in Scheme 6.4. In this case, the hydrosilylation
of PHMS with 42 (or 46) is stoichiometrically controlled to yield a polymer with residual Si-H
functionality which can then be crosslinked by hydrosilylation with l,3,5,7-tetramethyl-2,4,6,8-
tetravinylcyclotetrasiloxane (V4). The method results in the same robust siloxane linkages in the
crosslinks, assuring chemical stability. The resulting membranes can then be acid doped upon
swelling in methanol or another suitable solvent to obtain optimal conductivity performance.
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Scheme 6.4. Crosslinking T8Si via hydrosilylation with V4
6.2.2.2 Nanoporous conflnement
The motivation for confining low Tg proton conducting polymers inside nanoporous channels
is twofold. First the framework of the nanoporous scaffold imparts structural integrity to the
material allowing it to be used at high temperature without concern of flow or deformation.
Second, there is evidence that confining high molecular weight polymers in nanoporous channels
results in a more ordered structure that may produce increases in ion conductivity over the
randomly oriented material."' In chapter 5, it was demonstrated that T8Si could be loaded into
nanoporous alumina disks, successfully demonstrating that structural integrity could be achieved
in this way without any change in bulk conductivity. However, the molecular weight of T8Si was
not high enough to investigate the effect of polymer chain alignment inside the nanopores,
therefore, to explore confinement effects on conductivity, high molecular weight polymers must
be used to fill the pores. The 1,2,3-triazole functionalized polyether described in section 6.2.1.2
would serve as good candidate, regardless of the 1,2,3-triazole tether length, the resulting Mn
values will be greater than 1,000,000 g/mol given the 700K g/mol Mn of the starting
polyepichlorohydrin.
Alternatively, given the success of T2Si, AROP of a D4 derivative should be re-examined to
obtain high molecular weight T2Si. The problem in AROP or CROP of D4 with 1,2,3-triazole
attached via a long tether was steric bulk preventing initiation and propagation. Even if AROP
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was performed prior to forming the 1,2,3-triazole, literature evidence suggests that sterics would
still limit efficient polymerization."^' However, in the case of T2Si, the tether length is much
shorter and if the 1,2,3-triazoles are formed post polymerization, the steric bulk surrounding the
D4 is reduced to nearly that of V4, which is readily polymerized by AROP. Proposed cyclic
monomer synthesis, polymerization, and post-polymerization modification are outlined in
Scheme 6.5. The alkyne functionalized D4 derivative 51 is prepared by hydrosilylation of D4H
with TMS protected vinyl acetylene (45) using Karsteadt's catalyst followed by TMS removal.
Due to the affinity of Si towards fluoride, TMS removal using TBAF may pose a problem,
however, TMS can be removed with anhydrous potassium carbonate in methanol, eliminating
potential interaction of TBAF with the siloxane backbone."^ The cyclic tetramer 51 can then be
polymerized by AROP using KOH/18-crown-6 or other suitable catalyst to yield the alkyne
functionahzed polysiloxane 52. Subsequent modification by addition of azidomethylpivalate
under "click" conditions followed by POM removal will yield high Mn T2Si, molecular weight
can be modified by controlling the type and amount of catalyst used for AROP. The resulting
polymers can then be utilized in nanopore fiUing experiments.
H o-Si'^ i. Pt(0), toluene, 50 C, ^
=
^Si
51
49
52
High Mn T2Si
Scheme 6.5. Proposed synthesis of high Mn T2Si by AROP
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6.2.2.3 Block copolymers
The use of block copolymers as a means of structural reinforcement was mentioned briefly in
chapter 5, but due to a lack of a viable synthetic pathway was not pursued at that time. However,
given the synthetic route to T2Si outlined in Scheme 6.4, block copolymers comprised of T2Si
and a mechanically robust block can and should be explored.
Block copolymers self-organize on the nanoscale because the individual chains are tethered
together, therefore, macrophase separation cannot occur and structural organization with
periodicities of -1-100 nm occur in the melt, solid, and solution. Phase separation in block
copolymers is governed by three factors, the competing effects of enthalpy and entropy, and the
volume fraction ((p or f) of the first
block. The tendency of the
monomers, and hence individual
block segments to phase separate is
dictated by the Flory-Huggins
interaction parameter, which
contains enthalpic contributions.
This is balanced by a subsequent
reduction in entropy due to a
restriction in the number of chain
conformations available upon
phase separation and some amount of chain stretching to assure space filling in the various
morphologies, the entropic contribution is determined by the degree of polymerization, N. The
product, xN, determines the degree of phase separation in any system, and three regions have
been identified, the weak segregation limit, WSL (^N = 10.5-12), the intermediate segregation
region, ISR (xN = 12-100), and the strong segregation limit, SSL (xN > lOO).""* The final
parameter, cp, determines the structure of the phase separated system. Plotting xN vs. (p results in
Figure 6.2. Diblock copolymer phase diagram.
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a phase diagram similar to the one shown in Figure 6.2, which displays the accessible
morphologies of diblock copolymers.
Several PEMs with sulfonated or partially sulfonated blocks linked to a non-sulfonated block
have been fabricated and characterized in attempts to enhance proton conduction and reduce
methanol crossover in DMFCs,"^'"^ however, all have been prepared by step-growth
polymerization methods or modification of available block copolymers. In this case, block
copolymers can be prepared using well-controlled polymerizaiton techniques to prepare a
mechanically robust block followed by AROP of 51 and subsequent functionalization with 1,2,3-
triazole to prepare the proton conducting block. The volume fraction of each block can be
controlled to produce tailored nanostructures to determine the effect on proton conductivity and
mechanical stability. It has been reported that polystyrene-b-polydimethylsiloxane can be
prepared by anionic polymerization of styrene followed by sequential addition of D3, therefore,
utilization of styrene as the non-conducting block would be a good starting point. Additionally,
the styrene block could be hydrogenated to polycyclohexylethyene (PCHE) which has a Tg of 140
°C, providing structural integrity to the membrane well above 100 °C. Proposed block copolymer
synthesis and subsequent post polymerization modification is outlined in Scheme 6.6.
PS-b-T2Si PHCE-b-T2Si
Scheme 6.6. Proposed preparation of block copolymers PS-b-T2Si and
PHCE-b-T2Si
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The progression of stable morphologies obtainable with a diblock system are spheres,
cylinders, gyroid (bicontinuous), and lamellae depending on the volume fraction ((p) of the A
block."'* Regions of the phase diagram that allow for proton conducting "channels" to be open are
cylindrical, lamellar, and bicontinuous phases. Both lamellae and cylinders would need to be
oriented properly to assure proton transport across a prepared membrane, however, the volume
fraction range where both of these phases can be obtained is wide, allowing for easily targeted
synthesis. Bicontinuous phases may be preferred since domain orientation is not required, but the
target volume fractions to obtain gyroid structures is narrow, and achieving the required value for
(p (~ 0.36-0.39) via polymerization alone may be difficult. However, it has been demonstrated
that blending a block copolymer with an amount of homopolymer can aid in achieving the proper
volume fraction for a targeted morphology.^^ The presence of homopolymer in bicontinuous
phases reduces the excessive chain stretching and packing frustration required for space filling,
resulting in a more stable composition that approaches constant mean curvature, the mathematical
model used to define the phases of block copolymers. "^^ Therefore, it may be possible to explore a
full range of morphologies using block copolymers and block copolymer/homopolymer blends to
determine which phase offers optimal conductivity performance.
6.2.2.3.1 Electric field alignment
In the bulk, the morphology of block copolymers consists of grains of locally highly-ordered
arrays of microdomains where the orientation is random. In thin fibns, preferential interactions of
the different blocks with the substrate and lower surface energy of one of the blocks will force an
orientation of the microdomains parallel to the film surface. For fuel cell applications, it is
necessary to control the orientation of the microdomains to optimize proton transport efficiency.
Russell and coworkers have developed routes to control the orientation of the microdomains by
either manipulating the interfacial energies or by use of an external field. With thin films, if the
interfacial interactions at the substrate are balanced, then any differences between the natural
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period of the block copolymer morphology and the total film thickness will force an orientation
of the microdomains normal to the surface. With thicker films, the influence of the substrate is
lost and grains of the microdomains assume a random orientation. In general, the chemical
dissimilarity of the blocks results in a difference in the dielectric constants of the microdomains,
therefore, an applied electric field will act on the difference in the dielectric constants, and
provided the domains are anisotropic in shape, the microdomains will orient in the direction of
the applied field.^'- ^2
6.2.2.3.2 Solvent field alignment
A second approach to control the orientation of copolymer microdomains involves solvent
evaporation. If the blocks of the copolymer are strongly immiscible, as the block copolymers PS-
b-T2Si and PHCE-b-T2Si are expected to be,^^ then by solvent casting a film, the block
copolymer, highly swollen with solvent, is phase mixed. As the solvent evaporates, a gradient in
the solvent concentration normal to the surface is produced. At some concentration the block
copolymer will microphase separate at the surface, the plane where the solvent concentration is
lowest. As the solvent evaporates, an ordering front advances into the film and the microphase
separation of the copolymer is templated by the existing microdomains at the surface. With time,
the entire fihn is microphase separated, but the highly directional field of solvent evaporation
causes the microdomains to orient normal to the film surface."' An added advantage of this
approach is that when the microphase separation occurs first at the surface, there is still a
substantial amount of solvent present and the mobility of the copolymer is high.
6.2.3 Dual mechanism proton conduction
Given the inverse temperature dependent conductivity of the anhydrous heterocyclic proton
conducting polymers presented and Nafion (see Figure 6.1), it may be possible to combine the
benefits of both systems by preparing a hybrid membrane with elements from each. For proton
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conduction below 100 °C where humidification and hydration control is possible, a sulfonated
material would provide high conductivity for initial fuel cell start-up. As the stack heats up above
100 °C and water within the sulfonated membrane evaporates, proton transport would shift to
anhydrous proton conduction via polymer-tethered heterocycles. The combination of hydrous
and anhydrous proton conduction within one membrane is termed "dual mechanism".
Preparation of dual mechanism membranes could be accomplished in several ways, simply
adjacent positioning a membrane from each category between two electrodes, utilizing the work
with nanoporous alumina where half of the alumina membrane is filled with a polymer from each
category and blending two or more polymers together to create a hybrid membrane, Each method
will be addressed in turn giving specific examples and analysis of the potential benefits and
drawbacks.
6.2.3.1 Combined membrane approach
The simplest method for investigating the dual mechanism concept is to cover half of the area
between electrodes with a sulfonated membrane and the other half with an anhydrous proton
conducting membrane. Proof of concept was accomplished in the Coughlin group labs using
Nafion 1 1 2 as the sulfonated membrane and PBzTf (a 2-trifluoromethylbenzimidazole containing
polysiloxane) as the anhydrous membrane, see Figure 6.3. On the log(a) versus 1000/K plot the
opposite trend for Nafion and PBzTf can clearly be seen, Nafion shows high conductivity at low
temperatures that decreases as the temperature is increased, whereas PBzTf starts at low
conductivity and increases with increasing temperature. When the two materials are combined
the resulting curve displays fairly consistent conductivity over a broad temperature range,
demonstrating the benefit of a dual mechanism system. This simplistic approach does show
promise and could be utilized with a T8Si or T2Si crosslinked and acid doped membrane,
however, there may be an issue with membrane swelling and expansion. When engineering an
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MEA with such a system, the shrinkage of the sulfonated material due to evaporation of water
and potential differences in the coefficient of thermal expansion between the materials must be
considered.
-5 I — • 1
2 2.5 3 3.5
1000/K
Figure 6.3. Trial materials used for proof of concept of a dual mechanism proton conducting
membrane and the resulting conductivity plot
6.2.3.2 Nanoporous confinement of a dual system
An approach to preparing a continuous membrane utilizing the dual mechanism is to use
nanoporous alumina supports. Building off the work done in chapter 5 of filling Anodisk pores, it
is possible to fill half of the alumina disk with an anhydrous conducting polymer and the other
half with a sulfonated polymer. In this case Nafion would not be an appropriate choice as it is
generally available in membrane form, but highly sulfonated polymers that are soluble could be
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used. A good example of a soluble sulfonated polymer that displays high proton conductivity at
low relative humidity are sulfonated polyphenylenes (PPSA). Proton conduction in these
materials remains high under minimal external humidification and the rigid nature of the
backbone limits the amount of dimensional change upon hydration and dehydration, making
PPSAs good candidates for pore filling. By pairing a PPSA with a low Tg heterocycle containing
polysiloxane such as TFA doped T2Si, an alumina supported membrane that has good mechanical
properties and displays consistently high conductivity over a broad range can be prepared. One
major drawback to this approach is the reduction in active surface area when using the alumina
support. At most there is 50% porosity in the Anodisk, meaning that the proton conducting
surface area is cut by at least 50%, therefore, any membrane used to prepare an MEA may need to
be 50% larger than if no alumina support was present.
6.2.3.3. Acid-base polymer blends
Reported acid-base polymer complexes include 1) basic polymers complexed with small
molecule inorganic acids and 2) the complexing of acid polymers with basic polymers. Examples
of 1 include Polybenzimidazole (PBI)/H3P04 blend (more details in section 1.4),
Poly(silamine)(PSA)/H3P04 blend, and PEI, PEO, PAAM, and PVA blended with H2SO4 or
H3PO4. Examples of 2 include sulfonated poly(ether sulfone) or s-PEEK blended with PBI, PEI,
poly(4-vinylpyridine), or ortho aminated poly(ether sulfone).
Recently, Bozkurt has investigated the conductivity of acidic polymers complexed with
imidazole or benzimidazole under strictly anhydrous conditions. Examples include poly(2-
acrylamido-2-methylpropanesulfonic acid) (pAMPSA) blended with imidazole and
poly(vinylphosphonic acid) blended with imidazole or benzimidazole.^^'^^ In general it was
found that the conductivity of the hybrid systems was poor for polymer:heterocycle blends of
1:0.5 and 1:1 on an equivalent basis, however, dramatic increases in conductivity was observed
when the polymer/heterocycle ratio was reduced to 1:2. The poor conductivity of low
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heterocycle blends is attributed to the lack of proton acceptor sites once the dinitrogen
heterocycles are fully protonated, however, upon introduction of excess dinitrogen heterocycles,
there are both acceptor and donor sites, a hydrogen-bonded network can form, and the
conductivity increases. However, copolymers of vinylphosphonic acid and vinyl imidazole
prepared by Bozkurt,^^ and copolymers of B5A and AMPSA, reported in chapter 2, both display
poor conductivity attributable to ionic crosslinking between polymer chains severely limiting
polymer mobility. Therefore, it is assumed that blends of a polymer containing tethered
dinitrogen heterocycles with a polymer containing tethered acid groups would behave in much
the same manner.
Interestingly, the discovery that polymers containing tethered 1,2,3-triazoles display increases
in conductivity with acid loadings as high as 100 mol% may uniquely position these polymers to
be used in acid-base polymer blends.^ Mixing of T8Si, T2Si, or the tetracyclic analogs of each
with a variety of sulfonated materials and obtaining conductivity over a broad range of
temperature and relative humidity would provide insight into the effectiveness of such systems.
One specific example would be to blend T2Si with a PPSA, where the PPSA would provide high
proton conductivity at low temperatures under low relative humidity, and acid doping and
structural reinforcement (due to the rigid nature of the polyphenylene backbone) to T2Si at high
temperature. A preliminary look into this concept has been carried out in the Coughlin labs by
blending PPSA and 1 or 3 equivalents a D4 analog to T2Si, TetT2Si. The resulting log(o) versus
1000/K plot and chemical structures are shown in Figure 6.4. Nafion 1 12 was immersed in D.l.
water for 12 hours and blotted dry and blends of PPSA-TetT2Si were equilibrated over 35% R.H.
water vapor prior to measurement. The results are quite striking, while the conductivity of
Nafion 1 12 decreases as temperature is increased (as expected due to water loss) the conductivity
of both blends increases with temperature even as water within the system is being lost to
evaporation. As determined in previous chapters, equimolar amounts of acid and 1,2,3-triazole
provide the highest conductivity values with the conductivity of PPSA-TetT2Si leq nearly
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matching that of Nafion at 40 °C and surpassing Nafion above 50 °C. When the 1 ,2,3-triazole
content in the belnd is increase to 3 equivalents, the conductivity is reduced over the entire
temperature range.
TenperatLre (°C)
Figure 6.4. Conductivity plot ofPPSA-TetT2Si blends compared to Nafion 112
6.2.4. Di-substituted triazoles
Although it was determined that the effect of heterocycle acidity on proton conduction was
minimal compared to the charge carrier density and local mobility, substituents attached to
tethered heterocycles may offer some benefits. Zowadzinski has shown by calculation, that gas
phase proton affinity decreases in 1,2,3-triazoles containing electron withdrawing groups, and at
least in the sohd phase, substituents in the 4 or 5 position in 1,2,3-triazoles seems to effect the
predominant tautomer.^' Shifting the tautomeric mixture may result in reduced dependence
of conductivity on heterocycle mass fraction. Additionally, it may be possible to attach a pendant
sulfonic acid group directly to the triazole ring, creating an intramolecularly doped heterocyclic
system which could offer unique properties and features. For these reasons, the synthetic route to
202
1,4,5-trisubstituted 1,2,3-triazoles reported by Rutjes was utilized to prepare N-protected 1,2,3-
triazoles containing a reactive tether to attach monomers and/or polymers and a bromo group in
the 5 position to serve as an electron withdrawing group and as a reactive site to further
fimctionalize the triazole.
Scheme 6.7 shows the synthetic route to trisubstituted triazoles. Starting with either 38 or 5-
hexyn-l-ol, the terminal alkyne is brominated using N-bromosuccinamide and silver nitrate to
give 53 or 54. The bromoalkynes are then reacted with azidomethyl pivalate in the presence of
copper(I) bromide and copper(II) acetate in anhydrous THF to yield the allyl functional
bromotriazole 55 or the hydroxyl fiinctional triazole 56. The resulting triazoles can then be
attached to polymers and monomers using chemical techniques already described.
NBS, acetone, AgNOa 53 (83%)
56 (45%)
Scheme 6.7. Preparation of 4-bromo substituted 1,2,3-triazoles
Preparation of 6-(allyloxy)-l-bromohex-l-yne (53). A Solution of 6-Allyloxyhex-l-yne
(1.000 g, 7.235 mmol) and NBS (1.726 g, 9.698 mmol) in acetone (100 ml) was treated with
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silver nitrate (0.177 g, 1.042 mmol) and stirred for one hour at room temperature. After
evaporating the solvent, the residue was portioned between 25 ml water and 25 ml ethyl
acetate.The aqueous layer was extracted with ehyl acetate (3 x 25 ml). The combined organic
layers were washed with brine (50 ml), dried with MgS04 and filtered. Solvent was removed
under reduced pressure. FC of the residue with hexanes:ethyl acetate 1:1 lead to a slightly yellow,
smelly liquid 53 (1.312 g, 83.5%). 'H-NMR (CDCI3) 5 5.888 (IH, m), 5.175 (2H, m), 3.947
(2H, m), 3.439 (2H, m), 2.226 (2H, m), 1.632 (4H, m).
Preparation of 6-bromohex-5-yn-l-ol (54). A Solution of 5-hexyn-l-ol (0.277 g, 2.823
mmol) and NBS (0.673 g, 3.784 mmol) in acetone (25 ml) was treated with silver nitrate (0.069 g,
0.388 mmol) and stirred for half an hour at room temperature. After evaporating the solvent, the
residue was portioned between 20 ml water and 20ml ethyl acetate. The aqueous layer was
extracted with ethyl acetate (3 x 25 ml). The combined organic layers were washed with brine (25
ml), dried with MgS04 and filtered. Solvent was removed under reduced pressure. FC of the
residue with hexanes:ethyl acetate 1:1 lead to a slightly yellow liquid 54 (0.273 g, 1.542 mmol,
54.6%). 'H-NMR (CDCI3) 5 3.671 (2H, t), 2.266 (2H, t), 1.652 (4H, m).
Preparation of {4-[(allyloxy)butyl]-5-bromo-lH-l,2,3-triazol-l-yl}methyl pivalate (55). To a
solution of 6-(allyloxy)-l-bromohex-l-yne (0.426 g, 2.710 mmol) and azidomethyl pivalate
(0.589 g, 3.748 mmol) in dry THF (15 ml) were added CuBr (20 mol%) and Cu(0Ac)2
(anhydrous, 20 mol%). The mixture was stirred at 50°C for 60 hours. The mixture was
concentrated. Water (25 ml) was added and the aqueous layer was washed with dichloromethane
(2 X 50ml). The combined organic layers were washed with aqueous NaHCOs and aqueous
sodium chloride (each 2 x 50 ml), dried with MgS04 and filtered. Purification was accomplished
by FC using hexanes:ethyl acetate 5:1 to yield 55 (0.713 g, 70.2 %). 'H-NMR (CDCI3) 5 6.223
(2H, s), 5.904 (lH,m), 5.269 (IH, d), 5.134 (IH, d), 3.932 (2H, d), 3.438 (2H, t), 2.683 (2H, t),
1.773 (2H,m), 1.624 (2H, m).
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Preparation of[5-bromo-4-(4-hydroxybutyl)-lH-l,2,3-triazol-l-yl]methyl pivalate (56). To a
solution of 6-bromohex-5-yn-l-ol (0.500 g, 2.824 mmol) and azidomethyl pivalate (0.444 g,
2.824 mmol) in dry THF (50 ml) were added CuBr (20 mol%) and Cu(0Ac)2 (20 mol%). The
mixture was stirred at 50°C for 24 hours. The mixture was concentrated. Water (25 ml) was
added and the aqueous layer was washed with dichloromethane (2 x 50ml). The combined
organic layers were washed with aqueous NaHCOa and aqueous NaCl (each 2 x 50 ml), dried
with MgS04 and filtered. Purification was accomplished by FC using hexanes:ethyl acetate 5:1 to
yield 56 (423 mg, 45%, conversion 75%). 'H-NMR (CDCI3) 5 6.243 (2H, s), 3.691 (2H, t),
2.727 (2H, t), 1.800 (2H, m), 1.641 (2H, m),1.240 (9H, m).
Further modification of bromotriazoles can be accomplished by preparing SEM protected
trisubstituted 1,2,3-triazoles using SEM-azide (45) in place of azidomethyl pivalate in Scheme
6.7. The SEM group is acid labile and stable enough to perform lithiation at the 5-bromo site
followed by addition of an electrophile to add a variety of functionality'*'' for exploration into
the effects on conductivity. However, modification, or protection of the tether groups will need
to be performed prior to lithiation to prevent competitive and/or unwanted reactions. An
interesting derivative would be the formation of a 1,2,3-triazole with a sulfonic acid substituted at
the 5 position, creating an intramolecularly acid doped system; a proposed synthetic route is
shown in Scheme 6.8. Beginning with a trisubstituted 1,2,3-triazole (prepared according to
Scheme 6.7 with SEM-azide), the hydroxyl group can be converted to 0-benzyl using NaH and
benzyl chloride to give 57. Subsequent reaction with n-butyllithium followed by addition of
sodium 2-chloroethanesulfonate will produce a 1,2,3-triazole with pendant sulfonate salt, 58.
Removal of the benzyl protecting group can be accomplished by catalytic hydrogenation to yield
59, which can then be allyl flinctionalized and attached to poly(hydromethylsiloxane) (PHMS) by
hydrosilylation to give the functionalized polymer 60. Finally, removal of SEM in acidic ethanol
leads to the triazolium-sulfate salt functionalized polysiloxane 61.
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The unique feature of 1,2,3-triazole to accommodate up to one equivalent of acid is exploited
to create an internally doped heterocyclic system effectively creating a "unimolecular dual
mechanism" proton transport system. Just as in the acid-base polymeric blends discussed in
section 6.2.3.3, the high sulfonic acid loading serves two purposes, allowing water absorption into
the material making the system capable of transporting protons under humidified conditions at
low temperature and protonating the 1,2,3-triazole to boost conductivity under low or anhydrous
conditions at high temperatures.
Scheme 6.8. Proposed synthesis of a "unimolecular dual mechanism" proton transport system
utilizing di-substituted 1,2,3-triazoles
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APPENDIX A: ELECTROCHEMICAL IMPEDANCE SPECTROSCOPY
The conductivity values reported throughout this dissertation have been obtained by
electrochemical impedance spectroscopy (EIS), a technique commonly applied to polymer
electrolytes to determine electrical properties. The amount of information obtainable by EIS
depends on the analytical technique used, either direct current (dc) or alternating current (ac).
While both ac and dc measurements are physically easy to perform, the theory and interpretation
of data is generally more difficult when utilizing ac techniques. All of the data reported was
obtained using ac impedance, however, in the interest of completeness, both dc and ac impedance
will be discussed.
Impedance data can be collected in two ways, through a sample and on the surface of a
sample. Through sample data is typically obtained by placing the material to be tested between
two electrodes of known surface area and applying a voltage, surface data is obtained using a
four-point probe, two with an applied voltage and two reference probes to measure the potential
drop. The four-point technique is commonly used for hydrated membranes since the bulk of the
membrane remains open to atmospheric conditions allowing quick equilibration upon RH
adjustments. In this case, atmospheric equilibration is not necessary since the proton conduction
occurs under anhydrous conditions and obtaining impedance data through the membrane provides
a better representation of the proton conductivity under actual fuel cell operating conditions.
A.l DC impedance spectroscopy
Resistance is the term used to define the ability of a circuit to resist the flow of electric
current. Under ideal conditions electrochemical cells follows Ohm's law, where the potential, or
voltage, is defined by the product of current and resistance.
V=^IR
V = voltage (A-1)
I = current
R = resistance
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In general, electrochemical circuits are complex systems and generally do not fit the model of an
ideal resistor, therefore, a more general circuit parameter, impedance (Z), is used to describe
resistance. (Note: more detail on Z will follow in the ac impedance section). However, in dc
impedance measurements, materials are assumed to behave in an ideal fashion, making data
interpretation much simpler, but it does not provide a completely accurate representation of what
is occurring within the material being tested.
To measure dc impedance, a material is placed between two blocking electrodes (so called
since the metal surface does not take part in any electrochemical processes and blocks the motion
of mobile species in the test system) and a dc potential, V is applied. By measuring the resulting
current, /, the impedance, or in this case the resistance in ohms, Rb, of the material can be
obtained from equation A-2. Knowing the surface area in contact with the electrodes in cm^. A,
and the sample thickness in cm, /, the conductivity, a, of the material can be determined in S/cm
according to equation A-3.
Although dc impedance techniques are easy and simple to interperet, the assumption of an
ideal circuit is inherently flawed when applied to polymer electrolytes. Within the polymer
electrolyte, complex behavior arises where long range ion migration and polymer chain
polarization both effect the impedance. Therefore, impedance must be obtained via a technique
that can deconvolute these effects to obtain the true resistance values of the material.
(A-2)
/
a = (A-3)
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A.2 AC impedance spectroscopy
The most widely used and useful technique to determine electrochemical properties of
polymer electrolytes is ac impedance spectroscopy. Sample preparation and data collection arc
similar to dc impedance spectroscopy, however, much more information about a material can be
obtained when ac voltage is applied and both long-range migration of ionic species and
polarization phenomenon can be probed.
In ac impedance, a sinusoidal potential is applied to a circuit and the resulting sinusoidal
current is measured. While in dc impedance (assuming ideal behavior) the current is related to
potential by Ohm's law, the ac current measured lags behind the potential and can be represented
as shown in Figure A.l, where the lag
ft , max
i:
time
time results in a phase shift represented by
the angle, 0. Therefore, two parameters
are necessary to relate / and V, the ratio of
the voltage and current maxima (V„ax and
Imax respectively) and 6. The combination
of the two parameters defines the
Figure A.l. Applied voltage, resulting current, and
impedance, Z, of the system and both the phase angle in electrochemical systems
magnitude of the impedance (represented
in equation A-4) and 9 are functions of the applied frequency. This frequency dependence allows
information to be extracted from the cell when the impedance is measured over a wide frequency
range, from mHz to MHz.
\z{co} =
m^ax
(0-l7lf
(A-4)
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Because impedance is a vector quantity containing magnitude and phase information, it can
be represented as a shown in Figure A.2 or as a complex number called the complex impedance,
Z*, leading to three different ways to
|Z|sine
represent impedance. The first is in terms of
magnitude |Z| and phase angle 0, second as
the X and y components |Z|cos^ and |Z|sin^,
and finally, as the real and imaginary parts
of a complex number as shown in Equation
Figure A.2. Vector representation (Argand
A-5 (j is used to represent the complex diagram) of complex impedance, Z*
number operator in place of i to avoid
confusion with the symbol for current).
z* = z'-yz" (A-5)
A typical ac experiment determines the complex impedance of a cell as a function of signal
frequency and presents the data in a complex impedance plot of Z' vs Z", however, interpretation
of the complex impedance plot in terms of electrical processes is difficult. Typical interpretation
is done by comparing the observed data with predictive models of ac response through
construction of an electrical circuit with resistors and capacitors.
In a purely resistive system, the sinusoidal voltage is always in phase with the current, ^ = 0
and |Z| = R, therefore, the impedance is independent of frequency. When plotted in a complex
impedance plot, the result is a single point at some place along the Z' (real) axis showing the
value of Z* and therefore, R. In a purely capacitive system, the voltage response lags behind the
current by 90°, 9 = -ti/2, \Z\ is frequency dependent where |Z| = l/(oC. In a complex impedance
plot, the result is a series of points along the imaginary axis representing values of Z* as a
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function of the frequency. Graphical representation of both a resistor and a capacitor are shown
in Figure A. 3.
Z"
R
Z,=R
0=0
Z"
R Z'
Zc=-
jcoC
coC 2
Figure A.3. Graphical representation of a resistor and a capacitor in a complex impedance plot
—m—w-
T
to
As mentioned above, interpretation of impedance is often done by constructing a predictive
model that represents the observed data, this is accomplished by
building the model out of a combination of resistors and
capacitors. The total impedance of resistors and capacitors in
series is merely additive, such that Z* = Z*/ + Z*2 +Z*j..., a
representation of a resistor and a capacitor in series is shown in
Figure A.4. The result is a straight-line response, with points
along the line representing the capacitive contribution to Z* as a
fiinction of frequency and the position of the line along the real
axis representing the resistive contribution to Z*. Increasing
Figure A.4.
frequency results in decreased capacitive contribution, such that at Representation of a
resistor and capacitor in
some frequency the line will approach the real axis and the
series
capacitive contribution to Z* becomes negligible and the system is nearly purely resistive. The
total impedance of the model series system is shown in Equation A-6.
R
Z = R-j—
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Z * = R^ total (A-6)
When model circuits are set up in parallel, impedance values from each component are not
additive, however, complex admittance (F*) is, where y*=l/Z*. Therefore, to find the
impedance of a circuit consisting of a resistor and a capacitor in parallel, admittance must be
added, followed by conversion back to impedance. This is outlined below in Equations A-7
through A- 12.
1
7* = r+/T"=—
Z'-yZ"
7'=
7"=
Z'
Z''+Z"'
Z"
Z''+Z"^
_
1
total R
and
7 * _
^ total
~ = R
R
-JR
coRC
(A-7)
(A-8)
(A-9)
(A-10)
(A-11)
The resulting representation of the circuit in a complex impedance plot is shown in Figure A.5.
Increasing frequency is from right to left as indicated in Figure A. 5 and the changing contribution
of resistance and capacitance results in the semi-circular shape. The complex impedance
response ends up taking the shape of a semi-circle with one x-intercept at the origin and the other
x-intercept giving the resistance of the cell in the low frequency limit, which best represents the
true resistance of the test system. At the apex of the circle the contribution of resistance and
capacitance to the impedance are equal, therefore, the product cOmaxRC = 1, the x coordinate equal
to half the resistance of the cell, KJ2, offering a second method to obtain the resistance of the
system.
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A.3 AC impedance applied to polymer electrolytes
Following the description of simple circuits and creating model representations of R and C to
fit cell response, a circuit model for ac impedance data obtained for polymer electrolytes can now
be constructed. For polymer electrolytes in general,
there are two effects that dictate the electrochemical
response under an applied potential, mobile species
within the polymer and polarization of the polymer
backbone. Movement of charged species within the
polymer matrix accounts for the resistive component
of the model circuit while backbone polarization
accounts for the capacitive component.
Traditionally, the mobile species within the polymer
matrix are ions or ion pairs, such as lithium triflate
or other salts added to poly(ethylene oxide) for use
as a lithium ion conductor in batteries. In the case of
tethered heterocycles, charged species within the polymer occur as a result of self-ionization of
heterocycles and both anions and cations are bound to the polymer backbone. Polarization of the
polymer backbone remains the capacitive component of the model circuit and the local motion of
the tethered heterocycles is the resistive component.
To determine the electrochemical response and subsequently electrochemical response of a
polymer electrolyte, the material to be measured must be built into an electrochemical cell. This
is accomplished fairly easily by placing the material between two blocking electrodes connected
to an ac voltage source. A simplistic diagram of the resulting cell is shown in Figure A. 6a. The
resulting resistance and capacitance components are shown, within the polymer a resistor, Rb, and
a capacitor, Cb, and as a result of the interface between the electrolyte and electrode, a second
M/W\r-n
R
Z"
R/2
Z = R
"maxRC=1
(0
R/2 R 2'
\ + (coRCj
coRC
\ + {a)RCf
Figure A.5. Representation of a resistor
and capacitor in parallel in a complex
impedance plot
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capacitor, Ce. The resulting model circuit and predicted complex impedance response is shown in
Figure A.6b. The response curve has two features, a semi-circle resulting from the impedance of
the bulk polymer electrolyte, and a line resulting from the capacitance at the electrolyte/electrode
interface. The resulting complex impedance equation (Equation A- 12) contains the resistive
component from the polymer electrolyte and the additive capacitive component from the polymer
electrolyte and the electrolyte/electrode interface. The value for Ce can be added directly to Cb
since the two capacitors are in series.
Z* = R^ total
1
_i +M,Q); -i V 1 +
+
1
(A-12)
Polymer electrolyte
Blocking
electrode
c-
a)
Blocking
electrode
- C„
Z* =R^ total '^/J
Z"
electrolyte
response electrode
response
R
1 +
b)
1 + coC.,
Figure A.6. Graphical representation of a) electrochemical cell of a polymer elecfrolyte between
two blocking electrodes and b) the resulting circuit representation and complex impedance
response
The power of ac impedance is that information about the individual resistors and capacitors in
the entire system can be obtained. The resistance of the polymer electrolyte is needed to
determine the conductivity (a), Rb is estimated at the minimum imaginary response in the
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complex impedance plot. The imaginary portion of the complex impedance is directly linked to
the capacitance of the system (Equation A-6), therefore, at the minimum imaginary response, the
capacitive contribution to the complex impedance becomes negligible and Equation A- 12 reduces
to Z*,„,ai = Rh- The value for Z* at or near the x-intercept in the complex impedance plot can be
taken as the resistance of the polymer electrolyte and used in Equation A-3 to calculate the
conductivity of the material.
Note: The information presented was summarized from an EIS primer document by Gamry
Insruments and an in depth explanation of electrochemical measurements as applied to polymer
electrolytes by Peter Bruce.' " For more detailed information on ac impedance data analysis and
circuit model fitting see articles by Ruiz-Morales, Macdonald, and Zoltowski.^'^
A.4 Representative data
The conductivity data presented throughout this dissertation was obtained by ac impedance
spectroscopy as described above. Presented in this section is a description of the hardware and
software used for data collection and sample mounting as well as representative data obtained
from the ac impedance measurement.
A diagram of a sample holder is shown in Figure A. 7. It consists of a stainless steel "C" with
one fixed shaft (on the bottom) and one adjustable shaft, vertical motion is controlled by a screw
mechanism mounted through the top of the fixture. Two blocking electrodes with electric leads
are press fit into PEEK fittings (to provide electrical insulation) mounted onto the end of each
shaft. Polymer samples are then clamped between the two electrodes. Film thickness of
polymers that formed free-standing membranes was obtained using micrometer calipers. For
polymers that were difficult to handle due to low Tg values, the material was pressed between the
electrodes to assure ftill electrode coverage, after impedance measurements were complete, the
two electrodes and polymer were removed from the test fixture as a single unit. The difference in
218
size of the electrode pair with polymer and without polymer was determined using micrometer
calipers. Finally, for polymer samples that were viscous liquids at room temperature, a Kapton
tape spacer was used to assure consistent sample thickness and surface area. A known diameter
hole was cut in the center of a piece of 125 |im thick Kapton tape, which was then applied to one
blocking electrode and filled with the material to be tested, the second electrode was pressed and
tightened against the Kapton coated electrode.
Insulator
Polymer
Film
Electrical Connections
(to EIS analyzer)
Figure A.7. Schematic diagram of the sample holder used for ac impedance measurements
Once the samples were secured in the fixture, the leads from the electrodes were attached to a
Solartron 1287 potentiostat with a 1252A frequency response analyzer. The test fixture was then
placed in a vacuum oven and heated to 200 °C, measurements of all materials were performed
under vacuum to assure an anhydrous environment. AC impedance data was then obtained by
application of 100 mV at alternating current from 3x10^ Hz to IxlO ' Hz as a function of
temperature. The accompanying software available with the Solartron system is Zplot to control
the instrumentation and Zview to view and analyze collected data. A typical complex impedance
plot along with plot of |Z| and 0 (respectively) as a fiinction of frequency generated in Zview is
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shown in figure A. 8. It can be seen that the complex impedance plot closely matches the
predicted output shown in Figure A.6b, with one semi-circle followed by a line defining the
capacitance of the polymer/electrode interface. Zview provides curve fitting options that will fit a
circle to the data, providing two x-intercepts, one near the origin and one corresponding to the
minimum imaginary response, the second intercept was taken as the value for Rf,. Looking at the
6 versus frequency plot, it can be seen that the minimum phase angle corresponds to the
minimum imaginary response, consistent with the Argand diagram in Figure A. 2. Therefore, at
minimum imaginary response, where 6 ->0 the system approaches ideal behavior and Z can be
taken as R.
0 10000 20000 30000 40000 Frecjjency (Hz)
z
Figure A.8. Representative dataset for an ac impedance versus frequency sweep of polymers tested
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APPENDIX E: X-RAY STRUCTURE DATA COLLECTION PARAMERTERS FOR 29
Crystal data
C15 H19N3 01
MW = 257.33
Monoclinic
P2|/c
3 = 26.6036(10) A
b = 5.5969(2) A
c = 9.4868(4) A
a = 90.00°
P = 92.256(2)°
Y = 90.00°
V= 1411.47(9)A^
Z = 4
D, = 1.211 Mg m"'
Density measured by: not measured
fine-focus sealed tube
Mo A^a radiation
X = 0.71073 A
Cell parameters ft-om 20265 refl'ns
0 = 0.407 to 25.028°
|i = 0.078 mm"'
T = 298K
Crystal source: RW0601
Data collection
Device Type: KappaCCD
Absorption correction: none
4284 measured reflections
2466 independent reflections
2041 observed reflections
Criterion: I > 2sigma(I)
e„^ = 25.02°
h = -31 to 31
k = -6 to 6
1
=
-10 to 11
Refinement
Refinement on
fullmatrix least squares refinement
R(all) = 0.0497
R(gt) = 0.0391
wR(ref) = 0.1093
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wR(gt)= 0.1014
S(reO= 1.031
2466 reflections
1 94 parameters
0 restraints
H-atom parameters not refined
Weighting Scheme; Calculated
A/a„,ax = 0.001
Apmax = 0.147 e/A^
Apm,n = -0.133 e/A^
Extinction correction: none
Atomic scattering factors from International Tables Vol C Tables 4.2.6.8 and 6.1.1.4
Data collection: KappaCCD
Cell refinement: HKL Scalepack (Otwinowski & Minor 1997)
Data reduction: HKL Denzo and Scalepak (Otwinowski & Minor, 1 997)
Program(s) used to solve structure: SIR97 (Giacovazzo et al, 1997)
Program(s) used to refine structure: SHELXL-91 (Sheldrick, 1997)
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GPC trace of the material resulting from AROP of 41 using KOH/18-crown-6 (5 wt% of each),
reaction time of 3 hours.
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